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ABSTRACT

A low profile, low cost, printed circuit, electronically steered, fight hand circularly

polarized phased array antenna system has been developed for the Mobile Satellite

Experiment (MSAT-X) Program. This work was conducted under contract with the Jet

Propulsion Laboratory (JPL), of Pasadena, California. The success of this antenna is based

upon the development of a crossed-slot element array and detailed trade-off analyses for

both the phased array and pointing system design. The optimized system provides higher

gain at low elevation angles (20 degrees above the horizon) and broader frequency

coverage (approximately 8 I/2% bandwidth) than is possible with a patch array. Detailed

analysis showed that optimum performance could be achieved with a 19 element array of a

triangular lattice geometry of 3.9 inch element spacing. This configuration has the effect of

minimizing grating lobes at large scan angles plus it improves the intersateILite isolation.

The array has an aperture 20 inches in diameter and is 0.75 inch thick overall, exclusive of

the RF and power connecter.

The pointing system employs a hybrid approach that operates with both an external rate

sensor and an internal error signal as a means of fine tuning the beam acquisition and

track. Steering the beam is done electronically via 18, 3-.bit diode phase shifters. A

nineteenth phase shifter is not required as the center element serves as a reference only.

Measured patterns and gain show that the array meets the stipulated performance

specifications everywhere except at some low elevation angles. The measured acquisition

and track performance has met the required specifications including operation under weak

signal conditions and in the presence of high power interferring signals, lntersatellite

isolation, as measured, is well above the 20 dB level required by the spec. With respect to

price, the goal of $1500.00 per unit at manufacturer's cost can be realized on a basis of

10,000 units per year over five consecutive years through a dedicated production plant

located outside the United States.
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SECTION 1

INTRODUCTION

Research and development performed under Contract No. 957468, "Vehicle Antenna for

MSAT-X," by Teledyne Ryan Electronics (TILE) with Jet Propulsion Laboratory (JPL),

Pasedena, California, is summarized and analyzed in this final report. This section will

briefly review the program background and present a summary of the results achieved.

1.1 PROGRAM BACKGROUND REVIEW

The "Vehicle for MSAT-X" program is a two-phase program.

reported here in only for Phase I - Breadboard Development.

phase are:

• Antenna performance analysis

• Breadboard design

• Breadboard test plan and procedures

• Cost analysis

• Breadboard antenna development

The work performed and

The major tasks for this

The goal of this phase of the program is to develop a low cost, low profile, electronically

steered phased array antenna system. In addition, a pointing system will be developed

which uses an external rate sensor and an internal error signal to search and track satellite

locations.

After a detailed antenna performance analysis, a 19-element crossed-slot phased array was

designed and fabricated. This antenna was tested according to the prepared breadboard

test plan and procedures (Reference 1). The measured data showed good results. In

addition, an extensive cost analysis was performed which showed the low cost goal can be

achieved. All results are summarized in the next subsection.

1 TRE Report, "Breadboard Test Plaa/Procedure for MSAT-X Satellite Communications Antenna," Report
No. TRE/SD105662-1B (September 2, 1987).

1-1



1.2 SUMMARY OF RESULTS

1.2.1 Antenna Pattern and Gain Performance

Based on the results of an extensive trade-off analysis, a 19-element crossed-slot phased-

array with a triangular lattice element spacing at 3.9 inches was designed. The major

feature of this design is to minimm" e grating lobes and back lobes at large scan angles over

the entire frequency bandwidth. The choice of the crossed-slot over the patch for the array

element is mainly due to the following merits:

• A crossed-slot has broader frequency coverage and is thinner in thickness, and

• a crossed-slot has better gain coverage at low elevation angles (20 degrees
above horizon).

In the beamforming network, there are 18 3-bit diode phase shifters that electronically

steer the array beam positions. The cemer element is used as the reference, hence it does

not need a phase shifter.

A total of two antenna systems were built, tested and delivered to JPL to fiflfiU the contract

requirement. The total array thickness was 0.68 and 0.75 inches for units #I and #2,

respectively, exclusive of the input RF connector and beam control DC connector. For the

final production array, holes can be planned by the car manufacturers to accommodate

these connectors, so the array can be flush-mounted fight on the car top. The actual

thickness above the car roof should be less than one inch (0.75 inch). Figure I-I shows a

photo of the developed breadboard vehicle antenna delivered to JPL, and Figure I-2 shows

the breadboard antenna mounted on the top of a car.

The measured antenna performance for both units #1 and #2 is summarized in Table 1-1.

It should be noted that the measured performance has met or is better than the design

specification in most areas, except for the gain coverage and backlobes. It is felt, however,

that the gain can be improved by minimizing the loss from the beamforming circuits and

from the isolation between the right hand and left hand circular polarization ports of a

crossed-slot element. In addition, the optimization in beam scan positions through

calibration will provide further gain improvement.
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Figure 1-1. Photo to Show the Breadboard Antenna Mounted on the Top of a Vehicle

Figure I-2. Photo to Show the Developed
Program
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Table 1-1. Summary of Antenna Performance

Performance

Measured Measured

Design Designed Unit @1 Unit #2

Spec. Value Data Data Remarks

Antenna Gain (dBic)

F L at 20" elev,

(F L = 1545 MHz)

I0.0 10.0 9.2"(avg.) 9.3(avg.)

FH at 20" elev. I0 I0 7.7=. (avg.) 8.3(avg.)

(FL = 1660 MHz)

Antenna Height (inches)
maximum 1.0 1.0 0.68"" 0.75="

Antenna Size (inches)

maximum diameter

Multipath Rejection (dB)
_minimum

Backlobe (dB)

highestat20" elev.

24 22 22 22

6 >6 >6 >6

12 12 >_.12 _.>12 95%

< 12 < 12 5%

Sidelobe

highest at broadside none 19 > 18 > 18

Unit #2

FL: 9.9 highest
8.2 lowest

FH: 8.8 highest
7.2 lowest

Unit #2

used thicker

array substrates

Array aperture

size plus

mounting area

SS

tSS

9.2 is averaged over 360 degrees in azimuth, the worst value is 8.3; the highest
value is 9.9.

7.7 is averaged over 360 degrees in azimuth. The worst value is 6.7 dB; the
highest is 8.3.

Exclusiveof connectors underneath the antenna.

1.2.2 Pointing System Performance

The development of the pointing system has been completed. The major tasks in the

development were generating the pointing algorithm, building pointing hardware, and
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coding the pointing software.

signal to search and track satellite
summarized below.

The system usesan external rate sensor and internal error

locations. The major features of the system are

Beam pointing accuracy <2 degrees

Probability of signal detection for C/N > 40 dB-Hz is 99%

Azimuth tracking - sequential lobing

Elevation tracking - maximum signal level

Angular rate sensoris used in aiding azimuth tracking

Tracking speed- 45degrees/second

The system performance was measured during the acceptance test, results of which are

summarized in Table 1-2. Note that all requirements have been met, except the peak

amplitude and phase variations. There were cases, only about 5% of the time, that the

amplitude and phase variations were worse than the specified values. The measured search

and track performance, however, was very good, even under the fading and high power

conditions. It should be pointed out that the problem of peak amplitude and phase

variations was corrected before the delivery of the complete antenna system to JPL. Note

that the measured minimum intersatellite isolation level was 26 dB.

1.2.3 Cost Analysis

The cost analysis for a phased array antenna system including the angular rate sensor cost,

has been completed. The results are summarized in Table 1-3. The goal of the cost

analysis is to determine how the $1500 or less per unit price for the manufacturer's cost can

be achieved, and to identify high cost driver items.

It should be noted that two different manufacturing conditions were assumed in our cost

analysis for the 10,000 units per year for 5 year's production. The first one is to use a

dedicated off-site operation (outside U.S.A.). The estimated TRE's manufacturing unit

cost is $1363 which meets the ultimate goal of $1500. The second condition is using a local

plant (in U.S.A.). The estimated TRE's manufacturer's unit cost is $1848 which is higher

than the targeted unit price of $1500. For yearly production quantities of 5000 and 1000
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Table 1-2. Summary of Pointing System Performance

Performance
Design Designed Measured

Spec. Value Data Remarks

Peak Amplitude 1 1 < 1

Variation 1.5"

(indB)

Peak Phase 10 10 < 10

Variation 15"

(in degrees)

Acquisition Time 10 10 10

(in seconds)

for 4 pilot

frequencies

Fading Test, No impairment No impairment No impairment

using amplitude of tracking of tracking of tracking

modulation to or acquisition or acquisition or acquisition
simulate a 5 dB

fade at 40 Hz rate

High Power Test

(10 watts

transmitted

from the array)

C/N Range (dB)

Intersatellite

Isolation (dB)
minimum

No impairment

in system

operation

No impairment

in system

operation

No impairment

in system

operation

from 55 to 38 from 55 to 38 from 55 to 38

(threshold)

20 22 26

95% time

5%

95% time

5%

Search time

per pilot

frequency is

2.5 seconds

Tested at

10 degrees

per second
to simulate

vehicle turn

speed

Tested with

20 watts power
transmitted

into the di-

plexer with

3 dB cable loss

Two sources

Two sources

were separated

by 30 degrees
in azimuth and

10 degrees in
elevation

N

m

The peak-to-peak anomalies for both amplitude and phase variations were
corrected before the delivery of hardware.
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Table 1-3. Cost Analysis Summary

Quantity Manufacturers Manufacturers Wholesale Retail
per year Cost ($) SeUingPrice ($) Price ($) Price ($)

10,000(A) 1363 1800 2215 2770

10,000(B) 1848 2595 3195 3995

5000 2060 2890 3560 4450

1000 2589 3635 4480 5595

11 4461 6260 7710 9640

NOTE: 10,000(A): Dedicated Offsite Operation (outside of U.S.A.); 10,000(B): Local

Plant (in U.S.A.).

units, the corresponding manufacturer's unit cost is $2060 and $2589, respectively. For the

first 11 units, the manufacturer's unit cost is $4461. For completeness, the estimated

manufacturer's selling price, wholesale price, and retail price is also included in the table.

High cost driver items are identified and summarized in Table 1-4. It is noted that the

most costly item is the teflon fiberglass dielectric circuit board material.

Table 1-4. High Cost Driver Items for 10,000 Units Per Year

Items Cost Percent of Total Cost

Dielectric Circuit Boards

Phase Shifters

Electronics

Angular Rate Sensor

$293 25.7%

$259 22.7%

$250 21.9%

$180 15.8%

In conclusion, the targeted manufacturer's unit cost $1500 can be met, using a local plant

(outside the U.S.A.). The method of achieving the low cost goal is to lower circuit board

material cost, the overhead cost, and to advance the manufacturing technology.
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SECTION 2

ARRAY DESIGN AND PERFORMANCE

The development of a low cost vehicular phased array for mobile satellite communications

has been a challenging task for the antenna designer. A broad spectrum of considerations

must be taken into account in the design phase so that the final product can meet the

challenging requirements listed below:

• Intersatellite Isolation: > 20 dB

• Gain: minimum 10 dBic

• Thickness : within 1 inch

• Manufacturing Cost: $1500.00

• Multipath Rejection Capability: > 6 dB (Pattern drop off from 20 to 0 degree
above the horizon)

• Bacldobe Level : > 12 dB

• Frequency : (1545 to 1660) MHz

• Scan Coverage:

- Azimuth: 360 degrees

Elevation: 20 to 60 degrees above the horizon

• Polarization: right hand circular polarization

• Size: within 24 inches in diameter

In order to ensure the success of the program, a sophisticated computer program was

developed for the purpose of the antenna element selection and array design. A brief

analytical development model is introduced in Section 2.1. The array design and analysis

will be discussed in Section 2.2 with the array assembly and the measured array

performance presented in Sections 2.3 and 2.4, respectively. Conclusions and

recommendations for future study will be discussed in Sections 2.5 and 2.6, respectively.
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2.1 ANALYTICAL MODEL DEVELOPMENT

In order to predict an array performance close to the final realization, it is important to

include the following major factors in the analytical model:

• scattering effect from the antenna mounting structure

• mutual coupling between array elements

• predictable component design errors

• random manufacture errors

Consider an N element array situated in an x-y plane as shown in Figure 2-1. The total

field of the array (which is s_g to the angle (0, @) at a distant point P(r, 8, ¢) in bee

space) is given by

t

I_1 t "J'I'i(Os'_s) eJk'F_._'- li(es,C,s)e
z

(2-1)

where

t
I_ (0 s, @s) and _)i (0s, ¢)s) = final total amplitude and phase excitations of the i-th

element as the array scans to the angle (0 s, @s),

Ei (0, ¢) = i-th element's radiating field which includes the finite ground plane

effect,

k = wavenumber

--S
Pi= position vector of the i-th element

R = x sin (8) cos ( ¢) + _ sin (0) sin (¢) +_' cos(0)

Note that the antenna array will be mounted on the center of the car top, with the latter

serving as a conducting ground plane. Hence, in order to account for the finite ground

plane effect on the array performance, the Uniform Geometrical Theory. of Diffraction

(GTD) was applied to compute the radiating field Ei (0, @) of each element. The GTD
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model will be presented in Section 2.1.1. Mutual coupling between elements, the potential

component errors and the phase shifter quantization error will affect the final total

t o t
amplitude (I i ( s, #s)) and phase (,} i (0s' #s)) excitation of each element, which in turn will

impact the array performance. A hybrid technique based on the measured s-parameter and

analytical circuit model is used to investigate the mutual coupling effect on the active

scanning impedance. The mutual coupling model will be discussed in Section 2.1.2. The

error model will be introduced in Section 2.1.3.

2.i.I

The Uniform Geometrical Theory of Diffraction was applied to compute the radiation field

of the antenna mounted on a finite ground plane. As shown in Figure 2.-2. the total far

field at any observation point (O, #) is given by

4
_TOT( -s _ -ed {sd -_cd
j .(_,q_)= Ej (e,@) + i=l (E._,j.((_'q_)+ i,j (_;'q_)+ i,j (_,¢P)) (2-2)

where

s (e, ¢) = j-th element source field,

-ed
Ei ,j(e, @) = j-th element edge diffracted field from the i-th edge of the ground plane

and is calculated through GTD solution [I],

El-sd, j (#, @) = j-th element slope diffracted field from the i-th edge of the ground plane

and is calculated through GTD solution [2],

_cd
i,j (#,@) = j-th element corner diffracted field from the i-th corner of the ground

plane and is calculated through GTD solution [3].

Then, the RHCP and LHCP field of the crossed-slot are given by

ERHCP (_,_5)= [-_T_T(_,(_) j_-T_T((9,@)] /v/-_-- (2-3)
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Based on the field solution presented above, a computer simulation program was

developed. The computed radiation patterns (both RHCP and LHCP) for a single crossed-

slot mounted on top of a 40" x 50 " ground plane are shown Figure 2-3. Note that the 0

angle stands for the elevation an._e from the zenith and the # angle is the azimuth angle

from the x-axis as shown in Figure 2-2. As shown in Figure 2-4, good agreement between

the computed and measued data was achieved.

2.1.2 Mutual Coupling Model

The hybrid technique is used to evaluate the mutual coupling effect on the array

performance. The S-parameters of the array elements are measured and recorded by using

the lip 8510 Network Analyzer. These data are then used to establish the impedance

matrix [z].

The Kirchhoff's circuit relations are applied to the array and manipulated to obtain

where

It = I d + I c = total current

Id = driving current

Ic = coupling current
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ZNO R = normalized impedance matrix

I

"21

_2

i

_2
_NN

212 "-IN

I _ I I I

_' 11 m"ll

The active scanning impedance of the i-th element is given by

active
:

d (e,¢)

Tj Z.
d (0 ,_)) 1,jIi

(0 ,_) "(2-6)

2.1.3

In order to predict the array performance as close as possible to the final product, the

potential errors which could exist ira all component levels need to be incorporated into the

model. The potential errors include the deterministic and random errors. The

deterministic errors are the predictable ones such as phase shifter performance across the

frequency band, unbalance in the antenna feed circuit and the power divider over the

frequency band, a single phase shifter setting for both receving and transmitting frequency.,

etc. Random errors will take into account the real world manufacturing capability and the

nature of the material used in each component.

2.2 ARRAY DESIGN AND ANALYSIS

The major challenges of the vebiclular phased array for Mobile Satellite Communications

are the required gain (10 dBic) at low elevation angles, good intersatellite isolation (20

dB), low profile (within 1 inch), and low cost. To meet these challenges, a detailed array

analysis and design was performed and discussed in Section 2.2.1. The predicted array

performance is presented in Sections 2.2.2.
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2.2.1 Array Aoerature De$i_

The first task in the aperture design was to select a proper radiating element. Since a low

profile was imperative to the antenna, the search was rapidly narrowed down to two

candidates..., the crossed-slot and the patch element. Of these two, the printed cavity

backed, stripline-fed crossed-slot was selected because of its superior features with respect

to the patch antenna.

• Broader pattern coverage over the upper hemispherical space

• Better gain at low elevation angles

Maintains a good axial ratio even at low elevation angles

Thinner for the same frequency bandwidth

Following the element selection, the aperture design was performed to meet the required

performance at the lowest cost. The major features of the design are listed below in the

order of the importance of the requirements:

.

2.

3.

4.

5.

IntersateUite isolation - 20 db

Array gain - 10 dBic

Array thickness - 1 inch

Manufacturing cost - S1500.00

Multipath rejection capability - > 6 dB pattern drop off from 20 to 0 degrees
above the horizon

6. Bacldobe level - 12 dB

The design approach used by TRE was to minimize the number of elements while making

efficient use of the aperture and avoiding the grating lobe as much as possible. After a

detailed trade off analysis, the following design characteristics were arrived at.

a. A 19 element crossed-slot array with a triangular lattice arrangement and
proper amplitude taper was chosen, as shown in Figure 2-5.

b. The element spacing is 3.9 inches.

c. Array size is 22 inches including the mounting space.

d. A 3-bit diode phase shifter was selected.
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Note that the amplitude taper was usedto reduce the sidelobe level in order to achieve the

required intersatellite isolation.

2.2.2 Predicted Array Performance

A brief discuss'.'on of the predicted array performance is given in the following subsections

and summarized in Table 2-I.

2.2.2.1 Computed Array Patterns

Typical computed array patterns in the elevation and azimuth plane are shown in Figures

2-6 and 2-7 respectively. Note that 0s stands for the elevation scan angle from the array

broadside and _s is the azimuth scan angle from the x-axis. 0 and $ are pattern cut angles.

The random manufacturing errors of 0.5 dB and 10 degrees (standard deviation) are

assumed in the calculations. As noted from Figure 2-8, the sidelobe is coming up due to

the effects of the random errors.The finite ground plane effect is also included in the GTD

model. The following observations are made through the calculated results:

(I) Array scan patterns are well behaved.

(2) Very good polarization characteristics are achieved. The cross-polarization
level is maintained i0 dB below the co-polarization level up to 55 degrees from
the array boresight.

(3) 12 dB backlobe requirement is maintained until the array is scanned to very low
elevation angles ( such as 70 degrees from the array boresight).

(4) It is not recommended to scan the array to 70 degrees from the array broadside.
Low elevation angle area (60 degrees) will be covered by the 60 degrees scan
beam.

(5) + 0.5 dB gain fluctuation in the azimuth plane at the same elevation angle was
observed.

2.2.2.2 Mutual Coupling Effect Analysis

As shown in Figures 2-9 and 2-10, a seven element array, which is the central portion of the

whole array, was built and used to evaluate the mutual coupling effect. The measured

coupling between the element's input port (with the other port terminated in 50 ohms) is

shown in Figure 2-11. Note that the true coupling value may be masked by the 90 degree

hybrid feed circuit. However, the measured data still provides the qualitative information

on whether or not there are blind spots. By applying equation (2:6), the computed active

scanning return loss versus frequency is shown in Figure 2-12. It is observed that the input
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Table 2-I. Summary of Array Performance

Array Geometry Triangular Lattice None

Number of Elements 19 None

Element spacing (inch) 3.9 None

Gain at 20" above horizon 10.0/9.7 10

(db): Average/Lowest

Intersatellite Isolation (dB) 22 20

Forward Sidelobe level, (dB) 19 None

Baddobe Level (dB) < relative 12 12

to main beam >

Multipath Rejection (dB) > 6 6

(pattern drop off from 20" to

0" elevation)

Azimuth Beamwidth

at30" above horizon

at40" above horizon

at50" above horizon

at60" above horizon

32

35

41

52

Elevation Beamwidth

at 30" above horizon

at 40" above horizon

at 50" above horizon

at 60" above horizon

44

38

34

30

None

None

match is slightly degraded at the higher frequencies as the array scans to 0s = 60 degrees.

The measured active element patterns, given in Section 3, are also well behaved. Hence, it

is concluded that the effects of mutual coupling on the performance of the array is small.
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2.2.2.3

The computed gain is given by

GRHCP(0o' ';6o) = DRHCP (_o' qSo) " LOSS BUDGET (2-7)

where the directivity is given by

4# I ERHCP (Oo,_o) l 2
DRHCP (0 o, q_o) - (2-8)

fo fo2=[I ERHCP(O,_)I 2+ I ELHCP(O,_)I 2] S_'OdOd9

The predicted loss budget and gain at an elevation angle of 20 degrees, when the array was

scanned to #s - 60 degrees and various _s angles, is summarized in Table 2-2 and 2-3,

respectively. Note that a 2 degree increment in both # and ¢ angles was used in the

directivity calculation. The average gain over an azimuth angle of 360 degrees at an

elevation angle of 20 degrees is 10 dBic.

2.2.2.4 Intersatellite Isolation Analysis

The analysis of intersatellite isolation involves the comparison of the power received by the

array from two satellites when the array is tracking the desired one. The satellites are in

geosynchronous orbit, one at 80 degrees west longitude and the other at 115 degrees west

longitude with opposite senses of circular polarization. The azimuth angle 0o and elevation

angle @o of a satellite relative to the earth station is given by

/.tan I_¢)_
@0 = tan'l \sin (0e) /" n_

(2-9)

Oo : tan-I (cos (A_) COS(O_) - 0 151)(Oei
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Table 2-2. LossBudget

LossBudget Item Loss (dB)

Power Divider 0.5
PhaseShifter 1.1
Antenna Feed 0.3
Antenna Mismatch 0.2
Junction 0.1

Radiation Efficiency 0.5

Total 2.7

Table 2-3. Predicted Gain and Backlobe

Scan Angle Gain Bacldobe
(Os, #s ) (dBic) (dB)

(60", 0") 10.0

(60", 10") 9.7

(60",20") 10.1

(60", 30") 10.0

(6o', 4o.) lO.2
(60", 50") 10.0

(60", 60") 10.3

(60", 70") = 9.8

(6o', 8o,) 1o.o
(6o', 9o.) -- 9.8

Average Gain = I0dBic

1Z0

12.5

18.0

14.8

17.5

15.5

14.0

14.2

18,5

15.5

NOTE: Gain at 70 degrees from the zenith at 1545 MHz.
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where

_l¢ = sateltite longitude (¢s) "earth station longitude (¢e)

0e = earth station latitude

n = { 0 southern hemisphere
I northern hemisphere

Intersatellite isolation for six critical locations in the United States was analyzed as shown

in Figure 2=13. Note that the effects of beam pointing errors and beam lobing have been

included in the analysis. It was assumed that the two satellites transmit equal power, with

perfect but opposite sense of circular polarization. The array aperture amplitude tapering

and excellent polarization characteristics of the crossed=slot element ensure a satisfactory,

intersateUite isolation level.

As an example, at Key West, Florida, the array was scanned to theta = 30 and phi = 182

degrees with sateUite #1 assumed to be the desired satellite. The computed RHCP and

LHCP radiation patterns are plotted in Figures 2=14 and 2-15 respectively. Table 2-4 lists

the reference power level. By overlaying Figures 2-13 with Figure 2-14 and 2=15, it can be

determined by comparing the relative power levels of the RHCP (-.6 dB) and LHCP

(< -34 dB) patterns that tk intersatellite isolation at Key West was greater than 28 dB.

From this type of detailed analysis, it is predicted that the required intersateIIite isolation

of 20 dB can be satisfied anywhere within the contenental United States (CONUS).

2.2.2.5 Multipath Rejection Analysis

The predicted elevation pattern drop off from an elevation angle of 20 to 0 degrees, is

greater than 6 dB as summarized in Table 2-5. It is noted from the computed radiation

patterns that all co-polarized and cross-polarized radiation fields below 0 degrees elevation

angle is less than that of the co-polarized level at 0 degrees. The cross-polarized level is

less than the co-polarized level between elevation angles of 0 to 20 degrees, hence, it is

expected that the array can meet the required multipath rejection capability.
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NOTE:

Table 2-5. Summary of Results: Beam Angle vs. Pattern Roll-off

Scan Angle Pattern Roll-off

(Ss, _s) (dB)

(60", 0") 6.5

(6o', i0") 8

(60", 20") 8.4

<60", 30" ) 7.8

(60", 40") 8.1

(60", 50") 8.4

(60", 60 °) 8.4

(60", 70") 8.3

(60", 80 °) 8

(60", 90" ) 7.8

Pattern roll-off = dB difference between 20" and 0" above horizon.

2.2.2.6 Beam Pointing Accuracy_ Analysis

The effects of the phase shifter quantization errors on the beam pointing accuracy was

analyzed. By using the systematic round off scheme for the phase shifter settings, a

pointing error of more than 3 degrees was observed. This error could be improved by

applying a random round off scheme which eliminates the accumulated bias error. The

beam pointing accuracy can further be improved by using a hybrid scheme which always

selects the best phase shifter setting at each angle from either a systematic or random

round off scheme. Typical results are shown in Figures 2-16 and 2-17. Note that a beam

pointing accuracy of two degrees is achieved through the random round off scheme.

2.3 ARRAY ASSEMBLy

A total of five layers of teflon board material was used to construct the phased array which

consists of an antenna module and a beamformer module. These two modules were

assembled separately to facilitate intermediate testing and glean valuable information for

further improvements to the antenna. Following is a brief description of the array

assembly. Detail discussions on the fabrication and assembly of the array will be given in

Section 6.
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The antenna array module consists of four boards - a top crossed-slot board, a stripline

excitation feeder board, a hybrid/corporate feed network board and a bottom ground plane

board, as shown in Figures 2-18 thru 2-21. The top layer of the array (crossed-slot element

matrix) was etched on a single sided, copper dad, teflon fiberglass board. The thicknesses

of the boards are 0.09 inch and 0.125 inch for breadboard unit #1 and unit #2 arrays. The

thicker board was selected for unit #2 in order to increase the antenna's bandwidth; this

will be discussed in Section 3. The next layer is the crossed-slot excitation feeders which

are etched on another copper clad teflon fiberglass board having the same thickness. A set

of plated through holes around the crossed-slots are required to form the cavity wall for the

crossed-slot element. The bottom two layers of the antenna array have thickness of 0.031

inches and constitute the stripline hybrid/corporate feed network boards used to form the

required right hand circular polarization pattern. As shown in Figure 2-22, these four

boards and a 0.125 inch stiff:net plate of aluminum are held together by means of brass

screws inserted through the plated cavity holes. RF connectors are attached to both the

input and the isolated port of the hybrid circuit, via the bottom ground plane board.

As shown in Figure 2-23, the beamformer board consists of a radial nineteen way unequal

power divider and eighteen three-bit phase shifters. The beamformer board and a 0.125

inch stiffner plate are bonded together, with silver-loaded epoxy, to form the beamformer

test module. After independent, intermediate testing of these two modules, the 0.125 inch

stiffner plate for the antenna array was removed and all four boards were keyed together

with the beam.former module. AS shown in Figure 2-24, they were bolted together with the

back cover leaving an air gap of 0.2 inch between the beamformer circuit and the cover. A

very thin (0.002 inch) painted polyurethane type radome (Laminar X-F00 translucent gray

radome coating - product of Midland Division of Dexter Corporation) was employed to

provide protection against the enviroment. The total thickness of antenna array unit # I

and unit #2 are 0.68 inch and 0.75 inch, respectively. The thickness of the final production

array will be reduced to 0.625 inch when the stiffner plate between the antenna boards and

the beamformer board is removed.
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PLATED THRU CAVITY
HOLES. 820 PLACES

19 ELEMENT ARRAY

CROSSED-SLOT
RADIATOR.
19 TOTAL

• ,

f
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AND WHITE PHOTOGRAPH

4 BRD ASSY HELD TOGETHER
WITH 2 X 58 BRASS SCREWS
& NUTS THRU CAVITY HOLES AND
.125 ALUMINUM BASE PLATE.

Figure 2-18. Top Layer (Crossed-Slot Radiators) of the Array
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FEED LINE BOARD

PLATED THRU FEED
POINT HOLE. 76 PLACES

3 PLATED THRU GROUND
HOLES. 76 PLACES

PLATED THRU
CAVITY HOLE
620 PLACES.

w

Figure 2-19. Second Layer (Feeder Arrangement) of the Array
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HYBRID BOARD

CONNECTOR PIN SOLDERED
TO HYBRID INPUT AND LOAD
PORT. 38 PLACES

PLATED THRU FEED
POINT HOLE. 76 PLACES

PLATED THRU
CAVITY HOLES
620 TOTAL

Figure 2-20. Third Layer (90" Hybrids/180' Corporate) of the Array
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Figure 2-21. Fourth Layer (Ground Plane) of the Array
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Figure 2-23. Fifth Layer (Beamformer Board) of the Array

2-42 ORIGINAL PAGE
BLACK AND WHI;TE PHOTOGRAPH



ORIGINALP_GE
BLACK AND WHITE FHOTOGRAPH

I

L_

<

A

X
i

<

2_

E

<

¢"4

dl

L_

r.

2-43



2.4 MEASURED ARRAY PERFORMANCE

Extensive measurements were performed at Teledyne Ryan's outdoor antenna range

during acceptance testing. Details of the test setup will be discussed in Section 8.3. The

measured array performance is summarized in Table 2-6. Discussions on the measured

array pattern performance, array gain and intersatellite isolation will be presented in the

following subsections.

2.4.1 Measured Array Patterns

The array was mounted on a 40" x 50" ground plane which in turn was affixed to the

positioner using the orientation shown in Figure 2-25. Both spinning linear and circular

polarization patterns were measured. Typical array patterns are shown in Figures 2-26 thru

2-37. Additional measured patterns are given in Appendix A.

As shown in Figures 2-26 and 2-27, excellent broadside RHCP patterns were realized. The

sidelobe level reaches the design value which is 22 dB. Scanning patterns cut in both

azimuth and elevation planes are shown in Figures 2-28 thru 2-33. 0s and _s represent the

elevation scan angle from the array broadside and the azimuth scan angle from the x-axis,

respectively, as defined in Figure 2-1. 0 and # are the pattern cut angles. An excellent axial

ratio (<5 dB) of the array patterns was achieved within 95% of the required space

coverage across the frequency band. The sidelobe level of the azimuth plane patterns

remains below -18 dB in most of the space except at very low elevation angle scans, as

shown in Figures 2-34 thru 2-37. The bacldobe level comes up as expected when the array

scans to very low elevation angles. These high backlobe problems are mainly due to the

selected element spacing which is optimal for the array's overall performance. Note that

the array is designed to scan up to 60 degrees from the array broadside. This will provide

sufficient gain at low elevation angle (> 60 degrees) areas.

As noted from the measured patterns, the pattern drop off from 20 to 0 degree elevation

angles is greater than 7 dB. All co-polarized and cross-polarized radiation fields below a 0

degree elevation angle is less than that of the co-polarized level at 0 degrees. The cross-

polarized level is less than the co-polarized level between the 0 to20 degree elevation

angles as shown in Figure 2-37, hence the muhipath rejection capability requirement was

satisfied.
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Table 2-6. Summaryof MeasuredArray Performance

Measured Value

Unit #1 Unit #2

Gain at 20" elevation

(dBic)

1545 MHz

1600 MHz

9.2 (average)

9.9 (highest)

8.3 (lowest)

7.7 (average)

8.3 (highest)

6.7 (lowest)

9.3 (average)

9.9 (highest)

8.2 (lowest)

8.3 (average

8.8 (average)

7.2 (lowest)

Intersatellite

Isolation (dB)

26 26

Backlobe (dB) >_.12(95%)

< 12 (5%)

>_12(95%)

< 12 (5%)

Multipath Rejection (dB)

(pattern drop off from

20" to 0" elevation)

Spec.

Azimuth Beamwidth (degs.)
at 20" above horizon

30" above horizon

40" above horizon

50" above horizon

60" above horizon

>10

Elevation Beamwidth (degs.)
at 20" above horizon

30 ° above horizon

40" above horizon

50" above horizon

60 ° above horizon

>10

>20

>12

>6 >6 _6

29 29

32 32

35 35

44 44

52 52

45 45

42 42

39 39

35 35

31 31

None

None

Broadside Beamwidth 26 26 None

Antenna Thickness (Exclusive 0.68 0.75 < 1

of RF Connector)
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Figure 2-25. 19-Element Array Mounting Geometry.
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One interesting observation from the measured array patterns is that the axial ratio of the

array patterns at low elevation angles is better than expected. This could be attributed to

the balanced four point feed in the crossed-slot design which eliminates potential higher

order moding inside the crossed-slot cavity. The cross-polarized fields of each antenna

element may cancel out each other at certain scan angles. In order to answer this

polarization phenomena, however, further theoretical understanding and analysis of the

crossed-slot array is needed, an area TRE is currently pursuing.

2.4.2 M_asured Array Gain

The measured array gain for both trait # 1 and unit #2 is given in Table 2-7. Note that the

array gain of the second antenna is improved by 0.6 dB at an elevation angle of 20 degrees

at 1660 MHz. This is because it has better calibration of the beamformer (especially so

with the phase shifter settings) and less dissipation loss at the isolation port of the hybrid.

As shown in Figures 2-38 to 2-40, the average gain of unit #2 at an elevation angle of 20

degrees (above the horizon) is 9.3 dBic, 9.9 dBic and 8.3 dBic for frequencies of 1545 MHz,

1600 MHz and 1660 MHz, respectively.

In order to further improve the array gain (especially at 1660 MHz), the gain and loss

budget of the array was analyzed and summarized in Table 2-8. It is observed from the

gain analysis that (1) the dissipation loss at the isolation port of the hybrid, (2) the

radiation efficiency loss, and (3) the aperture loss (due to the aperture bias distribution by

the beam.former) must be reduced. Note that the array gain at the center frequency

(1600 MHz) reached the design goal (10 dBic), because all the component designs are

optimized to that frequency.

The dissipation loss at the isolation port of the hybrid is mainly due to mismatch at the four

excitation feeders of the crossed-slot. The location of the plated through ground holes of

the crossed-slot (Figure 2-19) is not right at the edge of the slot during the fabrication

stage. This could possibly affect the antenna matching at two extreme ends of the

optimizing frequency range, hence efforts to optimize the antenna matching is required for

future work. A possible gain improvement on this loss is estimated to be 0.6 dB and 0.8 dB

for frequencies of 1545 MI-Iz and 1660 MHz respectively.

Proper design of the excitation feeder could be the key to improving the radiation

efficiency of the crossed-slot. The dog leg shape (bent stripline) of the excitation feeder in

the current design is not desirable because it can generate higher order moding inside the

cavity which in turn will degrade the radiation efficiency. An effort to optimize the feed
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Table 2-7. Summary of Measured Gain of the Array

AZ EL (above horizon)

Gain (dBic)
1660MHz

Unit I Unit 2 Unit I Unit 2

Broadside 12.6 12.5 13.7 13.7

0" 60" 11.4 10.8 11.7 12.1

0" 50" 10.9 10.4 11.2 11.4

0" 40" 10.0 9.8 9.6 10.2

0" 30" 9.4 9.3 8.2 8.7

0" 20" 9.2 9.1 6.7 7.7

45" 20" 8.3 8.2 7.7 7.9

90" 20" 9.1 9.3 8.3 8.7

135" 20" 9.9 9.9 8.2 8.6

180" 20" 9.7 9.0 6.8 7.2

225" 20" 8.7 9.1 7.7 8.7

270" 20" 8.6 9.6 7.8 8.4

315" 20" 9.9 9.8 8.2 8.8

Average gain at 20 9.2 9.3 7.7 8.3
degrees above horizon

point of the stripline is also required in the quest to improve the radiation efficiency. Note

that balanced cavity excitation requires four perfectly symmetrical probe feeds located at

the four quadrants and along the diagonal of the crossed-slot. In addition, the bandwidth

of the crossed-slot must be increased. Thicker cavities and the use of a flared slot to

broaden the bandwidth are being pursued. Another area that can improve the gain

performance of array is to bond it together. As mentioned earlier in Section 2.3, the

multilayer boards of the array were bolted together. The potential uneven tightness of

each bolt could generate higher order modes inside the crossed-slot and also degrade the

stripline hybrid circuit performance. A possible gain improvement to the radiation

efficiency is estimated to be around 0.4 dBic and 0.8 dBic for frequencies of 1545 MHz and

1660 MHz respectively.
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Table 2-8. Gain Analysis of Array Unit #2

Freouencv (MHZ_

1545 1600 1660 Remarks

Directivity(dBic) 17.8 18.0 18.2

Loss Budget (dB):

1.Hybrid InsertionLoss -0.25 -0.25 -0.25

2.Beamformer InsertionLoss -1.85 -1.80 -1.75

Total Resistive Loss (dB) 2.1 2.05 2.0 _ahortant for

S21 between inputand -6.64 -13.21 -6.04 Due to the
load portof hybrid mismatch at

the fourfeeders

3. Dissipation loss at -1.05 -0.2 -1.25 "
hybrid load port

4. Polarization loss -0.5 -0.5 -0.6

5. Mismatch at RF input -0.2 -0.2 -0.2 VSWR 1.5:1
port

6. Scan loss at 70 degree -4.7 -4.7 -4.7
from the array broadside

Total Measurable Loss -8.55 -7.65 -8.75

Not Measurable Loss (dB): ..4 +_.4 -.4 +_.4 .1.2 +-1 Due to the
(Radiation Efficiency improper
and Improper Scan Loss) excitation and

bias phase dis-
tribution of the
beamformer

Gain at 70" from the array 8.85 +_.4 10 +_.4 8.25 _+1
broadside
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Aperture loss is due to a phasebias distribution acrossthe anterma's aperture which does

not allow the array to scan properly. The phase bias distribution could be due to the

unequalized length of the meander line to each element. The effects of the meander line

on the effective path length should be included in future designs. Since the coupling effect

between the components of the beamformer could also impact the aperture distribution.

As shown in Figure 2-41 (a) and (c), the measuredand the calculated data showed that

the array is scannedproperly at 1545MHz. However, for the frequency of 1660MHz, the

comparison between the measuredand the calculated data (Figure 2-41(b) and 2-41(d))

showed that the arraywasnot scannedproperly. The measuredaperture distribution of the

array, for the beam anglescanned to 0s -- 60 degrees and _s -- 0 degrees, at 1660 MHz is

shown in Figure 2-42. Based on this set of measured values, the array pattern was

computed and plotted in Figure 2-43. It is obvious from this figure that the realized array

gain at 60 degrees is 0.8 dB less than the design value.

It is concluded from the gain data analysis that a 10 dBic array gain across the operating

frequency band is achievable in the future. However, a 9.5 dBic array gain can be realized

in the near future through the following improvements:

.

2.

3.

4.

5.

6.

Improve the antenna matching at the four excitation feeders.

Optimize the crossed-slot excitation design.

Broaden the crossed-slot element bandwidth.

Bond the array assembly.

Optimize the beamformer aperture distribution.

Carefully calibrate the phase shifter settings.

2.4.3 Measured Intersatellite lsolatiorl

The outdoor antenna range used for intersatellite isolation measurements is shown in

Figure 2-44. A twelve foot movable boom was rigged to the roof of the auxiliary tower on

the range. An LHCP helical antenna was attached to the end of the boom to serve as the

undesired signal source. An RHCP dish antenna was mounted on the secondary tower to

simulate the desired signal. Refer to Section 8.3.4 for a detailed description of the test

setup.

The measured results of four different cases are given in Table 2-9. Note that condiction I

is close to the location of the State of Washington. Condition IV is close to the location of
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+Y
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.,.X

-Y

Figure 2-42. Measured Aperture Distribution of the Beamformer at 1660 MHz for as =

60" and ¢s = 0" Scan
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(0 s = 60", Ss = 0") Frequency = 1660 MHz

the State of Minnesota . Conditions II and 1ZI are used to simulate the location of

Washington with beam pointing error factors. These results show that an isolation of

26 dB was achieved which is better than predicted (see Figure 2-13). The outstanding

polarization purity and low sidelobe level of the array patterns could be the key to the

excellent intersatellite isolation. It is noted from the measured array patterns that the

developed array will provide 10 dB of polarization isolation in 90% of the space coverage.

However, due to the importance of intersatellite isolation , more locations in the

continental United States (CONUS) must be simulated on the range test to ensure the

success of this program.
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2.5 CONCLUSIONS

An L-band car-top conformal phased array has been successfully developed for the Mobile

SateUite Communications experiment. The array consists of nineteen crossed-slot elements

in a triangular lattice arrangement. The element spacing is 3.9 inches. Proper amplitude

taper (see Figure 2-5) provides the sidelobe control needed to satisfy the intersatellite

isolation requirements. Eighteen three-bit diode phase shifters are used to steer the array.

The array size is 22 inches in diameter including the mounting space. Based on the

measured array performance, one can draw the following conclusions and achievements:

I. The printed, cavity backed, stripline fed crossed-slot element has been proved
to be the superior radiating element for the MSAT phased array.

2. The measured array gain at 70 degrees from array broadside is 9.3 dBic and 8.3
dBic for frequencies of 1545 MHz and 1660 MHz, respectively. A gain of
10 dBic across the frequency band is achievable in the future. However,
9.5 dBic array gain can be realized in the near future.

3. The measured intersatellite isolation level is 26 dB which is better than the

requirement (20 dB).

4. The total thickness of the developed array is 0.68 inch and 0.75 inch for units # I
and #2, respectively.

5. The multipath rejection requirement was satisfied.

6. The bacldobe level is better than 12 dB in 95% of the space coverage. The
worst bacldobe level is 6 dB when the array was scanned to 70 degrees from the
array broadside (at certain azimuth angles).

2.6 RECOMMENDATIONS

In order to further improve the performance of the array, especially with respect to the

antenna's gain at 1660 MHz, the following tasks are recommended for future development

work:

I, Improve the matching of the four excitation feeders to the antenna. Improper

location of the plated through ground holes of the crossed-slot (shown in Figure
2-19) must be corrected. Ehminate the dog leg shape of the feeder.

, Theoretically and experimentally investigate and optimize the excitation
mechanism. The four probe excitation method is recommended because it
could reduce the unnecessary metal inside the cavity of the crossed-slot, which
in turn can improve the antenna's radiation efficiency.

, Investigate a broadbanding technique to improve the antenna's gain across the
required frequency band. A slot with a flared shape is worth further study.
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Bonding must be used to improve the radiation efficiency and the operating
stability.

Additional optimization of the beamformer is required in order to further
improve the aperture distribution. The meander lines in the beamformer must
be tuned to eliminate the phase bias distribution.

The developed array must go through a calibration process. Optimizing the
phase shifter settings is a very important task ff the final array is to scan
properly.
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SECTION 3

ANTENNA ELEMENT FEED NETWORK

Among the low profile antenna candidates, the crossed-slot and patch element were

considered. The cavity-backe d, printed, stripline fed crossed-slot was selected, however,

because it has (1) wider beamwidth, (2) better gain and axial ratio at low elevation angles,

and (3) is thinner for the same operating frequency band than that of a patch antenna. In

this section, the substrate material selection, the crossed-slot design parameters,

breadboard design and array element development will be presented. Conclusions and

recommendations will be discussed at the end of this section.

3.1 SUBSTRATE MATERIAL SELECTION

The choice of substrate material and its evaluation is an essential pan of the antenna

design. Major substrate properties include: 1) dielectric constant and loss tangent and

their variation over frequency and temperature; 2) substrate thickness uniformity and; 3)

dimensional stability with processing, temperature, humidity, and aging. Also, chemical

resistance, bondability, machinability, etc., are quite important in fabrication. For the

commercial market, the substrate unit price is also very important since it is a major cost

item in the whole array. A list of major substrate manufacturers is given in Table 3-1.

Based on the considerations of cost and performance, the substrate material of 3M-250 GX

is recommended.

In an effort to reduce both manufacturing and raw material costs, further investigation was

conducted on other substrate materials that could possibly be used. The evaluation was

based on a performance/cost comparison, using Teflon-glass substrate as a reference. The

performance characteristics were based on transmission line losses in a stripline

configuration, where the total loss in db/inch is the combination of dielectric loss _xd and

conductor loss ac. The search rapidly narrowed to two substrate types, namely Polyimide,

and Epoxy-Glass. Table 3-2 summarizes the performance versus cost comparison for the

three types of materials that were evaluated.

As noted in Table 3-2, the cost reduction ratio of 8.5 for the type III material is very.

attractive. However the theoretical line loss is almost four times that of the Teflon-glass

material. Therefore, an actual feed network was not fabricated with the epoxy-glass

3-1



Table 3-1. Price of Ca-Clad Substrate, One Ounce Copper Two Sides, Per 100 Sheets or

More Per Sq. Ft.

Suppliers 0.062" 0.090" 0.125" Dielectric Constant Comments

3M 250 GX 34.00

250 LX 39.83

ROGERS

RT/DUROID 5870 64.18

RT/DUROID 5880 70.59

OAK 602 31.67

605 38.25

1 MHz 10 GHz

43.33 56.97 2.45 2.55

+.04 +0.04
49.49 66.35 2.40 2.55

+0.04 +0.04

2.33 2.35

103.77 +0.02 +0.02

114.14 2.20 2.20

+0.02 +0.02

44.17 59.58 2.45 2.65

+0.05 +0.O4

57.50 76.67 2.17 2.35

+0.05 +0.04

KEENE 522 27.56 42.75 50.73

527 29.63 45.96 54.53

TACONIC

TAC-LAM-X 28.32 40.68 53.23

Recommended

3M 250 GX

material. On the other hand, the Type II Polyimide Material does have potential.

Although the cost reduction ratio of 3.1 is not as high as the Type m Material, the

predicted network loss could possibly be tolerated. Due to schedule restraints, however,

the use of Type II Material for further development of the feed network was not pursued.
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Table 3-2. Performance versus Cost Comparison for Several Different Types of Substrate

Material

Material

Theorectical Predicted Measured Basic

Line Loss Network Network Material Cost

Dielectric t_C + _D Loss Loss Cost Reduction
Constant dB/in dB dB $/ft 2 Ratio

Type I
Teflon-

Glass

Type II

Polyimide

Type IH

Epoxy-
Glass

2.5 0.025 0.29 db 0.24 db $20.80 1.0

3.8 0.065 0.60 db NA $6.77 3.1

4.8 0.195 1.13 db NA $2.45 8.5

NOTES:

1.

2.

Measured at center freq. of 1603 MHz

Based on 1000 sheet quantity price 0.031 inch in thickness one ounce copper on
both sides.

3.2 CROSSED-SLOT DESIGN PARAMETERS

The major design parameters involved in the design of the stripline fed, cavity backed

crossed-slot, as shown in Figure 3-1, are delineated as follows.

1. Slot width, length and shape controls the resonant frequency. Flared shapes
tend to have a wider frequency VSWR response.

2. Stripline feed location along the slot governs the impedance variation of the
slot.

3. Stripline width, length and shape are key parameters in impedance matching.

4. Feed point for the strip-line controls impedance matching and internal moding;
it will affect radiation efficiency.

5. Cavity thickness governs bandwidth and radiation efficiency.

6. Cavity size determines the resonant frequency.
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SUBSTRATE (r

Figure 3-1. Crossed-Slot Design Parameters

Note that stripline was used to feed the printed, cavity-backed, crossed-slot because it

provides additional degrees of freedom in terms of impedance matching. However, the

presence of the metal of the stripline feeders inside the cavity could generate extra higher

order modes which in turn may hurt the radiation efficiency.

There are two major excitation mechanisms involved in this kind of feeding configuration.

One is the "coupling excitation" mode from the stripline across the slot and the other is the

"cavity excitation" mode of the probe feed. The combination of these two excitation modes

will determine the impedance characteristics of the crossed-slot at the probe feed point.

The input impedance of the slot, measured at the feed point is a function of the length and
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width of the slot and the location of the probe feed points. The optimal positions of the

excitation feeder and the probe feed point will be determined empirically.

The stripline running across the slot will excite the slot due to displacement current caused

by the interruption of the electric field by the slot. The coupling is controlled by the angle

of the stripline. The coupling excitation mode should avoid the cross-talk problems

between two orthogonal slots. This requires two symmetrical striplines feeding each of the

onhogonal slots, as shown in Figure 3-2.

I
\
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80° jHYBRID',
I I
! I

I

I

I

I

I

I
I

0 o

±_
SLOT A

#3

#1

_OUT
.._ 270*

N/ n o

t 9
:-_-- #4

180 °
41m

n

@ SOLID ARROW LINE

WAS GENERATED BY

#2 PORT;

DASHED ARROW LINE
WAS GENERATED BY
#4 PORT WITH
180 ° PHASE RELATIVE

TO #2

Figure 3-2. Field Distribution with #2 & #4 Port Excited
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Port #2 and Port #4 are attached to feed lines that are positioned on opposite sides of the

slot. The two ports are energized with voltages having a 180 degree phase difference. This

will produce a field distribution across slot A as indicated by the soLid and dashed Lines.

This is the desired condition for proper radiation from the slot. However, as noted in the

figure, the solid and dashed lines representing the field distribution across Slot B, as a

result of the excitation of Slot A, are of opposite sense. This produces a net field

cancellation in Slot B, due to the excitation of Slot A, thereby effectively isolating Slot B

from the effects of Slot A.

In a similar manner, by applying a voltage to Ports #1 and #3, Slot B is excited. These two

ports also have a 180 degree phase difference between them. They are also in phase

quadrature to the #2 and #4 port voltages. This quadrature relationship is necessary to

produce the 0-90-180-270 degree phase sequence required to achieve circular polarization

of the radiated wave. The phase sequence has no effect on the crossed-slot isolation;

therefore, the same analogy may be used to explain the isolation of Slot A due to the

effects of Slot B, as was used to explain the isolation of slot B relative to Slot A.

Excitation of the proper ca,ity mode requires additional design constraints, namely that

these four probe feed points should be symmetrically located at the four quadrants of the

crossed-slot cavity as shown in Figure 3-2. The optimal probe feed points are along the

diagonal of the crossed-slot. Note that the field distributions of the TE011 mode in the

cavity at these feed points are perfectly symmetrical with respect to each other. These four

feed points must be excited in balanced amplitude and 0-90-180-270 degree phase rotation

so that higher order modes inside the cavity can be suppressed, and also to achieve the

required circular polarization.

In order to have good radiation efficiency of the crossed-slot, the antenna designer should

accomplish the following tasks:

Io

2.

3.

4.

5.

Good impedance matching at the four feed points.

Balance the excitation between two orthogonal slots.

Even excitation between two feeds at each of the two onhogonal slots.

Minimum metal inside the cavity.

Avoid any unnecessary bending of the strip[ine feed if possible.
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3.3 BREADBOARD DESIGN

The development of the newly invented, cavity-backed, printed crossed-slot element has

been a very challenging task for the antenna designer. In this subsection, discussions on the

experimental model and breadboard model developments are presented below.

3.3.1 Ext)erimental Model Developmerg

During the earlier phase of the breadboard design, a two feed point method (Figure 3-3)

was used. The required bandwidth was achieved, but the element would not radiate

efficiently. Through detailed analysis and measured results, it was observed that internal

moding and mutual loading of the orthogonal slots were the two major factors. In other

words, the two orthogonal slots were coupling to each other resulting in poor isolation

between the feed ports. In view of this, an experimental mode utilizing a four point feed

(as shown in Figure 3-4) was fabricated.
Q

.amaw _ maim

-- -- ._.3 ,I
I I

t I
J f

I I

...)
_/

)

Figure 3-3. Earlier Model of the Element
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Figure 3-4. Experimental Model of the Crossed-Slot

3-8



A variety, of tests were performed on the experimental element model to verify design

objectives. For example, a plot of isolation measurement between the Slot A port and the

Slot B port of the crossed-slot (Figure 3-4) as a function of frequency is shown in Figure

3-5. As indicated, more than 30 db of isolation is achieved over a major portion of the

frequency band. This data proved the concept discussed previously regarding the method

to overcome the cross-talk problems between the two orthogonal slots.

The input impedance of the element under different test conditions is shown in Figure 3-6.

As noted, with the isolated port of the 90 degree hybrid terminated in 50 ohms, the input

VSWR is within 1.5:1 over the frequency of interest,

Radiation patterns of the experimental model were taken bo_h with and without a 40 X 50

inch ground plane. These patterns are shown in Figures 3-7 thru 3-9. For the experimental

model, the patterns are considered to be reasonably good, with axial ratio and gain being

within expected limits. The measured gain is approximately 3.8 db with no ground plane,

and 2.2 db with a 40 X 50 inch ground plane. It should be noted that the losses of the feed

network used for the gain test were around 1.2 db.

3,3.2 Breadboard Model Development

During the early stages of the breadboard design, the antenna element was fabricated in

two separate sub-assemblies to facilitate testing. That is, the radiator consisting of a top

crossed-slot board and a bottom feed line board (Figure 3-10) became one sub-assembly.

The hybrid feed network board (Figure 3-11), and its associated ground plane board, was

the other sub-assembly. Each sub-assembly had RF Connectors attached to its signal ports.

The radiator sub-assembly had four connectors, and the hybrid feed sub-assembly had six

connectors. With this arrangement, each sub-assembly could be tested individually and the

data analyzed as a separate entity. In addition, the two sub-assemblies could be connected

together by means of connector adapters or very short sections of semi-rigid coax. This

allowed the element to be tested as an integrated unit. Typical test data of the hybrid feed

network subassembly is shown in Table 3-3. The results showed that reasonable good

performance was achieved; however, the unbalance in amplitude and phase between ports

can be further improved.
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Table 3-3. Measured Hybrid Network Performance

Test Data Summary - Frequency (MHz)

Parameter 1545 1603 1660

INPUT VSWR 1.15 1.16 1.26

PORT-1 S21-DB 6.53 6.64 6.69

PORT-2 S21-DB 6.05 5.89 5.90

PORT-3 S21-DB 6.68 6.52 6.79

PORT-4 S21-DB 5.90 5.70 5.79
UNBAL 1-3-DB 0.16 0.12 0.10
UNBAL 2-4-DB 0.15 0.19 0.18

1-3 (180") 186 184 179

2-4 (180") 175 174 180

1-2 (90") 91 93 94

3-4 (90") 87 87 84

1-4 (90") 89 92 93

2-3 (90") 95 88 94

To implement the feed network for the crossed-slot element into a completely integrated

structure, two types of feed circuits were designed. Type-I, as shown in Figure 3-12,

consists of a 90 degree branch line hybrid with two 180 degree corporate feeds to drive the

four feed t_oints, and provide the 0-90-180-270 degree phase sequence. Type-2, shown in

Figure 3-13, also has a 90 degree branch line hybrid. Instead of the 180 degree reactive

power divider, however, two 180 degree Wilkinson type power dividers are utilized. The

advantage of this design is that the Wilkinson Power Dividers provide isolation (on the

order of 20 db) between the feed points at opposite ends of the same slot. This could be

very beneficial for wide angle scanning. However, it is more difficult to implement

Wilkinson power dividers in stripline form, since for proper operation, isolation resistors

are required at locations A and B of Figure 3-11. As a result, there would be an impact on

both material and fabrication cost. Also, because of the more complex circuitry, the overall

network would have a higher insertion loss. In view of this, it was decided to use the Type-

1 feed network for the final design.

The integrated unit of the crossed-slot consists of four boards - a top crossed-slot board, a

stripline excitation feeder board, a hybrid/corporate feed network board, and a bottom

ground plane board. The top layer of crossed slot elements is etched on a single sided,
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2

3

LOAD

Figure 3-12. 90 Degree Branch Line Hybrid with Two 180 Degree Corporate Feed Circuit

copper clad teflon fiberglass board. The thicknesses of the boards are 0.09 inches and

0.125 inchs for breadboard units #1 and #2. The thicker board was used for unit #2 to

increase the antenna's bandwidth. The next layer is the crossed slot excitation feeders

which are etched on another copper dad teflon fiberglass board having the same thickness

as the slotted board. A set of plated through holes around the crossed slots is required to

form the cavity wall for the crossed slot element. The bottom two layers of the antenna

have thicknesses of 0.031 inch each and constitute the stripline hybrid/corporate feed

network boards used to form the required right hand circular polarization pattern. These

four boards were held together with the 0.125 inch stiffner aluminum plate by means of

brass screws inserted through the plated cavity holes. RF connectors were attached to both

the input and the isolated ports of the hybrid circuit, via the bottom ground plane board.

The unit is now ready for testing.
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2

LOAD
RF IN

Figure 3-13. 90 Degree Branch Line Hybrid with Two 180 Degree Wilkinson Power
Divider Feed Circuits

3.3.3 Measured Antenna Performance And Gain Analysis

The measured return losses for unit #1 and #2 elements are shown in Figures 3-14 and 3-

15, respectively. The results show that a good input VSWR was achieved. However, one

should be cautious at this point because these data still do not tell the whole story. The

hybrid could mask the mismatch information at the four feeders through the load port of

the branch line hybrid. As shown in Figures 3-16 and 3-17, poor isolation between the input

port and the load port was measured. These data indicate that the impedance matching at

the four feed points of the crossed-slot needs to be improved further. As can be seen from

Figure 3-18, dissipation losses at the load port of the unit #2 crossed-slot are 1.05 dB and

1.25 dB at frequencies 1545 MHz and 1660 MHz, respectively. This loss must be reduced to

improve the antenna gain. It is noted from Figures 3-16 and 3-17 that the thicker material

used in the second unit has increased the antenna bandwidth. The measured RHCP

patterns of the unit #2 crossed-slot along two principal cuts are shown in Figures 3-I9 to 3-

22. The measured beamwidth is 140 degrees. The measured element gain (average) of the

unit #2 crossed-slot at 20 degrees elevation angle (above the horizon) are -0.1 dBic and

-0.8 dBic for frequencies of 1545 MHz and 1660 MHz, respectively,as shown in Figures 3-

23 and 3-24. Note that the element gain of unit #2 is 0.5 dB better than that of unit # 1.
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In order to improve the element gain, the loss budget and gain analysiswas analyzed and
summarized in Table 3'-4._ The loss budget shows that (1) the dissipation loss at the

isolation port of the hybrid, and (2) the radiation efficiency loss must be reduced. The

dissipation loss at the isolation port of the hybrid is mainly due to mismatch at the four

excitation feeders of the crossed slot, hence efforts to optimize the antenna matching is

required for future work. Possible gain improvement on this loss is estimated to be 0.6 dB

and 0.8 dB for frequencies of 1545 MHz and 1660 MHz, respectively.

Table 3-4. Element Gain Analysis

Directivity (dB)

Frequen_ (MHz_

1545 1660

5.05 5.2 Remarks

Loss Budget:

Antenna Mismatch Loss (dB) at RF input port

Hybrid loss

Dissipation loss at hybrid load (dB)

Junction and radiation efficiency loss (dB)

Total Loss (dB)

Gain at Peak

Gain at 20 degrees elevation angle

-0.2 -0.2

-0.25 -0.25

-1.05 -1.25

-0.4 -1.0

-1.8 -2.7

3.05 2.5

-0.1 -0.8

Mismatch at the

four feeders

Excitation

feeder

Proper excitation feeder design could be the key to improve the radiation efficiency of the

crossed slot. The dog leg shape (bent stripline) of the excitation feeder in the current

design is not desirable because it could generate additional higher order modes inside the

cavity which in turn will degrade the radiation efficiency. Efforts to optimize the feed point

of the striplinc arc also required to improve the radiation efficiency. Not that balanced

cavity excitation requires four perfectly symmetrical probe feeds located at the four

quadrants and along the diagonal of the crossed-slot. In addition, the bandwidth of the

crossed-slot must be increased. A thicker cavity and the use of a flared shape slot to

broaden the bandwidth are being pursued. Another area that will improve the gain

performance of the array is to bond it together. The potentially uneven tightness of each

3-31



screw will generate higher order modes inside the crossed-slot and also degrade the

stripline hybrid circuit performance. Possible gain improvement on the radiation efficiency

is estimated to be around 0.4 dBic and 0.8 dBic for frequencies of 1545 MHz and

1660 MHz respectively.

3.3.4 Conclusiohs Derived from Breadboard Desi2n Phase
v

As a result of the analysis of the test data obtained during the breadboard single element

design phase, the following conclusions were made:

1. A stripline fed crossed-slot, using the four point feed method would be the
radiating element used for the final design.

1

o

4.

5.

6.

A 90 degree branch line hybrid with two 180 de_'ee corporate feeds would be
the network configuration used to feed the radiating element.

Optimization of the four excitation feeders in the cavity, would be pursued,

The bandwidth of the crossed-slot element must be improved.

The antenna should be bonded together.

bOla_altimizationof the hybrid feed network, with respect to amplitude and phase
ance, would be undertaken.

3.4 BREADBOARD ARRAY ELEMENT DEVELOPMENT

Using the single element and feed network configuration established during the

breadboard design phase, an experimental seven element array was fabricated (Figures 2-9

and 2-10) to investigate the mutual coupling effects on the individual antenna's

performance under an array environment. The measured VSWR of the center element of

the experimental array is shown in Figure 3-25. The data showed that the VSWR of the

element was under 1.5:1. The analysis of the active scanning impedance (Section 2)

showed that the mutual coupling effect was insignificant. The measured typical element

patterns embedded in the array environment are shown in Figures 3-26. The measurement

was taken on the center element, with the array mounted on a 40" x 50 " finite ground

plane. The data showed that the element was well behaved. The data taken on the other

elements in the array was very similar to that of the center element, signifying that the

mutual coupling effect was small.
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An experimental runeteen element array was also fabricated to facilitate the optimization

process of the antenna design under an array environment, The array assembly was

discussed in Section 2.3 and will not be repeated here. The optimization of the excitation

feeder and the hybrid network design are discussed in the following subsections.

3.4.1 O_tim./zationof Feed Network Desim'_
v

With the assembly described previously, it was possible to obtain test data on the various

elements in an array environment. This data was then analyzed and used to optimize the

design of the feed network. For example, one optimization that was performed was on the

width of the feedlines. The effect of this parameter on element performance is depicted by

the curves shown in Figures 3-27. As noted, the line width effects the impedance, which in

turn translates to a mismatch between the feedline drive point and the hybrid network.

This match degradation is actually a measure of the isolation between the input port and

the isolated port of the hybrid network. As shown in Figure 3-18, when the load port

isolation increases, the element gain decreases from some optimum value.

As an illustration, some early test data taken prior to optimization is shown in Figure 3-28.

The upper curve is a measure of $21, which represents the isolation between the input and

load port of the hybrid network. The lower curve is a measure of the input port VSWR

under the same test environment. The goal for optimization is for $21 to be not less than

10 dB over the antenna operating frequency, with a value of 12 to 15 db being very

desirable. With regard to input VSWR, the value should be as low as possible, however a

VSWR of not greater than 1.5 is set as an upper limit.

3.4.2 Ontimization of Hybrid Netwgrk

Optimization was also performed on the hybrid network with respect to amplitude and

phase balance. Since the axial ratio of the circular polarized wave (from the radiating

element) is dependent upon the balance in both amplitude and phase of the signals feeding

the two crossed slots, it is important to keep the error associated with these two parameters

as small as possible. Figure 3-29 depicts the relationship between axial ratio and amplitude

phase unbalance. For example, to limit the axial ratio to not greater than 1 db, the

amplitude unbalance cannot exceed 1 db. Likewise, the phase unbalance must be

somewhere between 0 and 5 degrees. The following equations were used to evaluate each

hybrid network's performance.
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Insertion Loss:

IL = I0 Log [I + (I- (Pv + PH))] dB

Slot Power Unbalance:

Psu = I0 Log (Pv/PH) dB

Quadrature Phase Error:

_o = 90-[[(A_I-2) 2 + (A¢_2-3)2 + (A_3-.4) 2 + (A¢)4-1)2]/4] I/2

The performance of the hybrid network used in the final array assembly is summarized in

Table 3-5. Note that the phase performance was optimized. The amplitude unbalance,

however, can further be improved.

Table 3-5. Performance Summary of Typical Hybrid Network

Frequency (MHz)

Parameter 1545 1603 1660

IL - dB 0.25 0.21 0.24

Psu" db 0.64 0.78 0.90

_c "deg. 0.55 0.04 1.35

3.4.3 Mod,;#cations Required of Hybrid Network

The development model of a 19-element array built was left hand circularly polarized. The

requirement is right hand circular polarization. Therefore, the modification of the hybrid

network is required and shown in Figure 3-30.

As shown in Figure 3-30B, originally points A and B were brought out parallel and

perpendicular to the branch line of the quadrature coupler. Port-A is connected to the

beamformer board with a vertical pin, and Port-B is terminated with a surface mount chip

resistor on the hybrid network board. Ground for the resistor is provided by several plated-

through cavity holes. Clearance for the chip resistor is provided by a cut-out in the ground

plane board of the hybrid.
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3.5 CONCLUSIONS

A printed stripline-fed cavity-backed crossed-slot has been successfully developed. Based

on the development work, one can draw the following conclusions:

3.6

I. Two excitation mechanisms are involved in this antenna: the "coupling
excitation" mode from the stripline across the slot and the cavity excitation"
mode of the probe feed.

t Four symmetrical excitation feeders located at the four quadrants and with
0-90-180-270 degrees phase rotation are required in the feed design. The
optimal positions of the four probe feed points are located along the diagonal of
the crossed-slot.

. Good impedance matching at the four feed points, balanced excitation between
two onhogonal slots, and even excitation between the two feeds at each of the
two orthogonal slots are required to have good radiation efficiency of the
antenna.

4. Minimum metal should be used in the feed design.

5. Unnecessary bending of the stripline feed should be avoided.

RECOMMENDATIONS

In order to improve the antenna gain, the following tasks are recommended for the future

development work.

. Improve the antenna matching at the four excitation feeders of the current

design. Improper location of the plated through ground holes of the crossed-
slot (shown in Figure 2-20) must be corrected. Eliminate the dog leg shape of
the feeder.

. _-Theoretical and experimental investigation of the optimal excitation mechanism
is needed. The four probe excitation method is recommended because it could
reduce the unnecessary metal inside the cavity of the crossed-slot, which in turn
can improve the antenna radiation efficiency.

o

o

Investigate the broadbanding technique to improve the antenna gain across the
required frequency band. The slot with a flared shape is worth further study.

Bonding techniques must be used to improve the radiation efficiency and the
operating stability.

. Optimization of the hybrid feed network, with respect to amplitude and phase
balance, should be continued.
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SECTION 4

BEAMFOILMER NETWORK

After a brief synopsis of the work described in the interim report this section discusses

subsequent beamformer advances and results. Also to be discussed are certain problems

uncovered in testing the first two beamformer assemblies. The section ends with a listing

of the tasks to be done in the next segment of work, provided Teledyne Ryan Electronics is

chosen to perform the next phase. In essence the results of this phase prove the basic

beamformer concepts are valid and promising to economical production costs and to

improve performance further.

4.1 SUMMARY OF THE DEVELOPMENT OF THE PHASE SHIFTER

AND DIVIDER

In the following paragraphs the design and development of the 3 bit phase shifter and

nineteen way unequal divider are described. Optimization via Touchstone software was

applied to obtain the design. The prototype assemblies used this design with only a small

amount of phase correction on the phase shifter. The nineteen way divider is essentially as

originally designed with the exception of a change of resistor types as the first ones had very.

poor microwave properties.

The 3 bit phase shifter uses the switched line principle. This was selected to give the least

phase shift error over the entire band. Performance was compared with a hybrid coupled

phase shifter which did not project to be as accurate over frequency. The switched line

shifter projects an 11 degree error while the hybrid one projects a 19 degree error over the

same frequency band. The results of the calculations were the determining factor in

selecting the switched line shifter over the hybrid coupled unit.

The requirement is to provide two way low loss phase shifting with power handling of about

1 watt. This means a diode must be selected to have a breakdown voltage in excess of 100

volts. SinCe 18 phase shifters are required with 216 pin diodes, these diodes must be

inexpensive. A surface mount diode, Metelics MPN7484 on a ceramic carrier, was

selected. Vendor data showed this diode has low junction and case capacitances permitting

a series configuration to be used. However, results using this diode has led us to question

the exact value of the capacitances because of excessive loss in some modes. This will be

4-1



described later. Future phases will devote a reasonable effort to understand and correct

the problem. Also reserved for the future is developing manufacturing assembly

techniques suitable for this rather new diode package.

Early in the program a breadboard 3 bit phase shifterwas tested. Everything looked

reasonablywell exceptthat the switched phase shiftswere approximately 10% lower than

desired.All thiswas correctedin the prototypeunits.The prototypedesign had to make

layoutchanges to avoid RF linescrossingother RF or controllines.Table 4-1 compares

the deltaphase,loss,and VSWR forthe originalphase shifter,the prototypephase shifter,

and a selfbiased phase shifterdeveloped as a potentiallylow cost circuit.Itcan be seen

that the #I shifter misses the desired phase by about 10% while the prototype or array

shifter comes considerably closer to the desired values. However, an iteration on that

shifter, to further adjust phase, still appears desirable for the next contract.

As previously mentioned, there is a small loss problem with the array shifter. This is

probably due to the diode parasitics being higher than expected and possibly due to the

proximity of the biasing circuits. Figure 4-1 shows a sketch of the #1 microstrip phase

shifter. It can be seen that the bias circuits are brought from below the phase shifter to

move them out of the vicinity of the RF fields. In the array, this is not possible because all

circuits must be planar since the ground side is not accessible. A sketch of the first array

design is shown in Figure 4-2. This circuit had a very bad loss problem because the RF

energy was being sucked out by the bias circuits. To solve this problem additional

decoupling was added as shown in Figure 4-3. That particular shifter, with the addition of a

small stub to the 180" phase shift line performed as shown in Table 4-1. Loss still appears

somewhat high when the 90" section is activated. This loss appears to be related to VSWR.

If we hypothesize that the junction and case capacitances equal. 13 pf instead of .06 pf and

.07 pf, respectively, as claimed by the vendor, a loss of I__ db for a 315" shift is calculated

as shown in Figure 4-4. With smaller capacitances the loss calculates to be about I db.

In the overall array assembly it appears the losses are somewhat different as can be seen by

a later discussion of the data. This is not surprising because there are many more circuits

near the phase shifters in the entire array interacting with the RF path. All this points to

investigations needed for the next phase. Complicating our understanding of why the losses
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Figure 4-2. First Design ofArray Phase Shifter
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Table 4-1.

Phase Shifter
 uing

0"

-45"

-90"

-135"

-180"

-225 "

-270"

-315"

0

-45"

-90"

-135"

-180"

-225"

-270"

-315"

Summary of Mid Frequency Phase Shifter Data for Three Designs

# 1 Array Self Biased

Phase Shifter _
APhasc

0" 0" 0"

-38.1" -42.9" -46"

-81.5" -81.4" -88"

-118" -124.2" -133"

-166.9" -181.2" -177"

-204.7" -225.2" -223"

-246" -264.7* -268"

-283.3" -306.9" '312"

Loss (dB/VSWR)

1.0/No VSWR Data

1.04/No VSWR Data

1.04/No VSWR Data

.95/No VSWR Data

1.07/No VSWR Data

1.15/No VSWR Data

1.12/No VSWR Data

1.03/No VSWR Data

Loss (dB/VSWR) Loss (dB/VSWR)

1.1/1.14 1.1/1.14

1.18/1.25 1.45/1.42

1.48/1.79 1.82/1.82

1.29/1.27 1.44/1.38

1.2/1.3 1.21/1.21

1.24/1.16 1.26/1.24

1.4/1.49 1.74/1.89

1.3/1.19 1.47/1.37
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are somewhat higher than anticipated, was the discovery of wire bonding problems on one

lot of diodes and diode soldering problems for the entire assembly. We believe those

problems are now solved, but their effect contaminates some of the earlier data.

The serf biased phase shifter experiment was made to determine if pairs of diodes can be

brought to a common junction (for future integration), and if only one switched voltage

form could be used. The "on" diodes provide "off' bias in each switched line shifter. We

found that in order to do this, the "on" arm voltage drop had to be increased by using

bypassed resistors. The assembly for this experiment is shown photographically in Figure

4-5. The results shown in Table 4-1 are encouraging enough to continue this line of

experimentation.

The nineteen way divider presented a challenge since tapering of power for the antennas

was desired for the circular geometry. Starting from the outside going towards the center,

three circular tings of relative power -6db, -5.2db, and -3db, respectively for each radiator

compared to 0 db reference at the center are provided. To do this most effectively, it was

decided to use a uniform one-to-seven way divider followed by six unequal one-to-three

dividers. These dividers were based on the WiLkinson divider principle. The Touchstone

program was used to determine the Line impedances and balancing resistor values. Figure

4-6 shows a schematic diagram of the nineteen way divider with the line impedances and

balancing resistors given. The left hand network is an equal 7 way divider, and the right

hand side is six unequal 3 way dividers. Figure 4-7 shows the layout of a test divider

without the resistors.

Microwave evaluations were performed on both a separate 7 way divider and the 19 way

divider shown on Figure 4-7. Table 4-2 summarizes the results for the 7 way divider. The

loss performance is quite uniform and good. There are some small differences in phase

with the outside lines having less phase. This is no problem because a phase trim is done

on the final assembly. Table 4-3 summarizes the 19 way divider performance with no

resistors. No resistors were used because at the time of the evaluation, we had no

satisfactory resistors, as will be shown in the next paragraph, and it was hoped resistors

would not be needed. In later work this proved to be false; resistors are needed. As seen

in Table 4-3 amplitude results of the test divider are quite good. These are summarized by

using statistical analysis, the results of which are shown at the bottom of the table. Again

the phase data has some scatter, but as previously mentioned we do a phase trim on the
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F_gure 4-5. Photograph of the self-biased PIN Diode Phase Shifter. With added dropping

resistors, results were close to those obtained by the switched bias scheme.
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128Q 90*

12SQ 90"

125o 90"

4O/39

SOO 231

40/39

S0S_231"

40/39

SOQ231"

40/39

SOQ 231 *

40/39

500231"

4O/39

51.240 90*

101.SQ 90"

U.43Q 90"

$1.24g

101 .SQ

88.43Q 90"

51.24Q 90"

101.50 90*

85.43O

51.24Q 90"

101.SQ 90"

85.430 SIOe

@ Oab

-3db

-6db

-5.2db

-3db

-6db

-S.2db

-3db

-6ab

-5.2db

-3cIb

-6db

-5.2db

-3cIb

-6db

-S.2db

-3db

-6cIb

-5.2db

Figure 4-6. Schematic Diagram of MSAT-X 1:19 Unequal Power Divider
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Port#

1

2

3

4

5

6

7

Table 4-2. 7-Way Divider Data (No Resistors)

$21 cLB

1545 1600 1660 1545
MHZ MHZ _ MHZ

-93 -9.2 -9.3 -48

-9.3 -9.2 -9.4 -50

-9.3 -9.2 -9.2 -52

-9.3 -9.2 -9.1 -52

-9.3 -9.2 -9.1 -53

-9.0 -9.0 -9.0 -52

-9.0 -8.9 -9.0 -48

S21 PHASE

1600 1660
MHZ MHZ

-67 -88

-70 -90

-72 -91

-72 -91

-73 -91

-71 -90

-68 -89

4-12



Table 4-3. 19-WayDivider Data (No Resistors)

Des. Loss Su(dB)
DB 1540 1600 1660

(IDEAL) MHZ MHZ MI--IZ

1 11.45 11.87 11.96 12.24

2 14.45 15.12 15.07 15.07

3 13.65 14.03 13.98 14.10

4 11.45 12.69 12.50 12.54

5 14.45 15.76 15.50 15.41

6 13.65 14.77 14.59 14.55

7 11.45 12.74 12.72 12.98

8 14.45 15.71 15.62 15.73

9 13.65 15.02 14.99 I5.23

10 8.45 8.86 8.45 8.35

11 13.65 14.89 14.95 15.24

12 14.45 15.81 15.78 15.91

13 11.45 12.24 12.30 12.74

14 13.65 14.79 14.65 14.82

15 14.45 15.61 15.44 15.49

16 11.45 12.65 12.65 12.95

17 13.65 13.99 14.06 14.37

18 14.45 15.10 15.05 15.32

19 11.45 11.89 12.02 12.47

S_2 PHASE (DEG.)
1540 1600 1660

MHZ

-26 -59 -92

-31 -65 - 100

-24 -57 -93

-29 -62 -96

-35 -69 -104

-29 -62 -98

-35 -68 - 102

-39 -73 -108

-33 -66 -99

-28 -58 -91

-32 -65 -99

-40 -73 -108

-34 -67 -101

-30 -64 -98

-36 -70 -105

-31 -64 -97

-27 -61 -95

-33 -66 -101

-27 -59 -93

Total Loss (dB)

-3dB MEAN

-3dB STD. DEV.

-5.2dB MEAN

-5.2dB STD.DEV

-6dB MEAN

-6dB STD.DEV.

.66

12.35

.40

14.58

.45

15.52

.32

.56

12.36

.32

14.54

.43

15.41

.29

.73

12.66

12.66

14.72

.46

15.49

.30
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final assembly. Future versions of the final assembly will try tO correct phase errors .by

printed line length adjustments. In summation, the divider appeared to meet all

requirements, and the design was incorporated in the array design.

To close out the discussion of the divider development a sample of data taken on resistors

will be given. Figure 4-8 shows two HP8510 analyzer plots on 50 ohm resistors. The left

hand Smith chart display is for the IMS chip, and the fight hand Smith chart is for the

Component General chip. At 1.6 Ghz the IMS S0 ohm chip measures 27.8-j26 ohms while

the Component General chip measures 58.5-j33.3 ohms. While neither result is as good as

we would like, the Ibis resistor is dearly unacceptable. At least the Component General

chip has an acceptable resistance value. It also has some undesirable capacitance. It is

planned to take this subject up in the next phase.

The entire beanfformer concept, shown conceptually in Figure 4-9, has not changed

significantly from what has originally been presented. The one change is the

rearrangement of the bias circuits allowing an easier full array assembly without cross-over

microwave paths. The next sections will further discuss the Beamformer layout and give

results for Beamformer Assemblies 1 and 2.

4.2 DESCRIPTION OF THE BEAMFORMER ASSEMBLY

A photograph of the prototype beamformer assembly is shown in Figure 4-10 and a

drawing of the assembly in Figure 4-11. The microsta'ip assembly is built on .031" thick Oak

601 Teflon fibergiass material. This material has a dielectric constant of 2.55.

The RF input from the transceiver is approximately in the center of the microstrip

assembly. The signal immediately goes into the 7 way divider terminated by resistors R12,

R15, R18, R22, R25 and R28. Following the divider are meandering delay sections to

equalize the phase to each phase shifter, thus preventing large frequency dispersions. The

layout of these delay sections represented one of the most difficult tasks in the design of the

beamformer. Using a sophisticated CAD system the mechanical designer has managed to

achieve an equal phase distribution without a single RF cross-over of either other RF lines

or the bias lines. This enhances performance by keeping the signals isolated. Represented

in Figure 4-11 is the first attempt at achieving the equal phase. For the first two prototypes

some adjustment of phase has proven necessary. This has been accomplished by two ways.
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Figure 4-10. Photograph of Prototype #1
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One way was to cut and patch lines that were too long. The other, and preferred way, was

to cover the lines appropriately with dielectric to add phase. By using these techniques we

have managed to have all phases equal within +_10 degrees with all phase shifters set at 0".

Continue tracing the signal paths. Notice that at the end of each delay section, except the

center one (reference), is an unequal 3-way divider. Initially there was concern about

achieving a reasonable unequal divider, but measured performance of the entire 19-way

divider have been quite satisfactory. Following the unequal dividers are more delay

sections to even the phase going to each phase shifter. Each shifter feeds antenna elements

comprising the three rings around the center as shown in Figure 2-1. The outer ring is

supposed to have energy down 6 db below the center element. The middle ring has energy

down 5.3 db below the center element. Again the layout achieved this distribution without

any crossovers. Careful layout of the phase shifter bias circuits helped to achieve this

geometry.

In the phase shifters, the circuit is orientated so all + 5 volt lines face one way, and all lines

going to drivers, face the driver elements which are mounted in close proximity to their

respective phase shifters. This is shown in Figure 4-2 where the +5 volt line is on top and

the lines to the driver are on the bottom. Also shown are the driver circuits. As was

previously described in Section 4.2 extra decoupling capacitors had to be added.

Therefore, the phase shifter design used in the array is based on that shown in Figure 4-3.

Directly after the phase shifters the signals exit the beamformer board via right angle

feedthroughs to the following hybrid board. To control moding, extra grounding screws

had to be added around each feedthrough. The test results of the first two prototypes, built

as described herein, are reasonably good for an initial attempt at this complicated board.

These results are discussed in the next section.

4.3 TEST RESULTS FOR THE FIRST TWO BEAMFORMERS

Both prototype beamformers have been evaluated using the HP 85 I0 network analyzer for

phase, amplitude, and match. The results are discussed in this section. Considerably more

time has been spent with beamformer #2 than # 1 as will be evident by the volume of data

presented. In general the performance is reasonable for an assembly in this state of

development.
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A summ._ of Beandormer #1's data is given in Table 4.4. Loss and phase angle are

given for each port. The reference pon number is 10. Ideal loss is also given on one of the

top rows. Below the port data, is the match and loss data along with a statistical analysis of

the loss data. All this data is for the beandormer phase sheers in the 0" position. The loss

data represents the tom/ power exiting the beamformer divided by the input power.

However, these losses cannot be used for gain calculation bemuse they do not account for

the required power distribution needed at each antenna element. Our antenna system

engineers, though, can take the specific powers going to each antenna element, couple it

with antenna element gain, and calculate antenna gain.

The next series of tables summarizes data for beamformer #2. In this case we took data

for many azimuth and elevation positions as well as having the phase shifters all in given

phase shift positions. A computer program was developed to put this data in summary

form. A complete data package is given in Table 4-7 in Appendix B. In the appendix, the

given data includes beam position, desired loss, desired angle, measured loss and angles,

total loss, statistical studies on power, VSWR (only taken for equal phase positions), mean

delta phase shift from desired, and standard deviation on that delta angle. Somewhat more

effort was spent trimming phase on beamformer #2 than # 1 with the result that the gain is

a little better, A summary of loss data for all these positions is given in Tables 4-5 and 4-6

for three frequencies. It can be seen in Table 4-5 that tom/loss varies up to .3 db for

various positions of beam angle. This is probably caused by internal VSWR's phasing in

and out within the beamformer. The situation is even more pronounced with the phase

sheers set to the same angle. Graphical representation of this loss data versus beam

position or uniform phase shift settings is shown in Figure 4-12.

Table 4-6 and Figure 4-13 gives a summary of the mean phase delta for the various

positions. Ideally the 1545 Mhz data should be just as positive as the 1660 Mhz data is

negative. The mean phase delta needs to be increased a little at the low frequency and

decreased a little at the high frequency. Trimming the reference element by adding line

length should help this. When all phase shifters are set to the same phase angle, the effect

of growth of phase with frequency in the phase shifter,s can be seen. With the higher phase

shift settings, the difference between low frequency and high frequency phase separates, as

would be expected, since phase is proportional to frequency. The longer the path lengths,

(needed by the higher phase shift positions), the more the low and high frequency phases

separate.
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Table 4-6.

Beamformer
Status

Summary of Beamformer Mean
Configurations

Mrlz

Phase Errors for

1600 MHz

Various Beamformer

1660 MHz

Mean Std. Mean Std. Mean Std.
Phase Dev. Phase Dev. Phase Dev.
Error For Error For Error For
for Mean for Mean for Mean
All Phase All Phase All Phase
Ports Error Ports Error Ports Error

(Deg.) (Deg.) (Deg.) (Deg.) (Deg.) (Deg.)

All Shifters -315"

All Shifters -270"

All Shifters -225"

All Shifters - 180"

All Shifters - 135"

All Shifters -90"

All Shifters -45"

All Shifters 0"

+ 8.61 + 5.02 -5.89 5.36 - 16.89

+ 11.50 5.7 -3.89 4.79 - 15.39

+ 11.44 5.5 -4.17 3.93 -14.89

+ 6.00 4.53 -3.94 4.40 - 12.78

-.67 4.11 -9.28 4.92 - 14.44

+ 2.11 4.40 -8.50 4.54 - 12.67

+ 2.50 3.95 -8.61 3.83 - 11.50

-2.44 3.2 -8.39 3.7 -8.17

6.36

5.69

4.79

4.80

_67

5.05

4.14

4.3

AZ=315", EL=20"

AZ = 270", EL = 20"

AZ =225", EL=20"

AZ= 180", EL=20"

AZI = 135", EL = 20"

AZ=90", EL=20"

AZ=45", EL=20"

AZ=0", EL=20"

AZ=0", EL=30"

AZ=0", EL=40"

AZ=0", EL=50"

AZ=0", EL=60"

+4.67 6.4I -5.50 4.43

+ 5.94 7.8 -5.44 5.43

+ 1.83 6.3 -5.94 5.96

-.50 7.83 -6.61 6.42

+ 6.06 7.91 -8.94 5.44

+3.33 5.44 -7.44 4.67

+ 6.39 7.25 -7.94 5.61

+ 7.61 7.68 -6.94 6.12

+ 7.94 6.71 -6.28 4.68

+ 6.61 5.75 -6.67 4.65

+6.67 5.31 -5.17 4.18

+ 5.33 6.66 -5.61 4.54

- I3.06

-11.61

-12.22

-11.22

-14.94

- 11.06

-16.39

-16.33

- 16.06

-15.17

-14.11

-12.39

6.11

5.34

6.11

4.89

6.28

5.76

5.57

7.93

7.60

7.49

6.57

6.17
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4.4

The major feature or achievement is that the design works and works pretty much as

calculated the first time it was tried in its entirety. While there are some deficiencies as

will be discussed in the next section, these are relatively minor and will easily be corrected

in the hoped for follow on work.

Basically, the feasibility of an extremely large single beamforming board has been proven

along with the concept of unequal power dividers. Also proven is that potentially low cost,

large scale surface mount techniques, will work for this phased array application.

4.5 DEFICIENCIES AND WORK TO BE DONE IN THE NEXT PHASE

There are some apparent deficiencies in the beamformer which should be corrected in

future iterations. These include the fact that the meandering delay sections do not exactly

equalize the phases. Various lengths have to be changed in an appropriate manner.

Secondly, the exact power splits on the equal 7-way divider and on the unequal 3-way

divider needs to be individually confirmed. In addition a study should be conducted to pick

the best possible microwave resistor considering both microwave performance and cost.

The phase shifters have to be optimized so that mismatch and loss problems are

eliminated. A diode study needs to be conducted to pick a reliable, high performance, and

low cost pan. Finally, a new mechanical design needs to be evolved to eliminate the

numerous screws that currently provide adequate grounding and mode suppression. All

this will be planned for the next phase.
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SECTION $

A_I'ENNA BEAM ANGLE STEERING CONTROL

The angle tracking servomechanism is designed to minimiTe angle tracking error over a

w/de number of contingencies. Basically, the fast response operations are controlled by the

angle rate sensor while the radio link corrects the rate sensor errors. Because the rate

sensor bias error changes relatively slowly, the radio link data is averaged over a 30 second

period before correcting the rate sensor. This will filter out any attitude perturbations,

shadowing or fading (multipath) effects in the radio link. Future tests will indicate whether

this time constant needs to be modified.

When the rate sensor is disconnected, the rate sensor correction is eliminated and the radio

link loop gain is automatically increased. This allows somewhat less accurate but still

adequate satellite tracking on pilot signal alone; however, it will no longer be able to follow

vehicle turns during signal outages.

The sequential lobing dither of the radio link is held to plus and minus 1.5 degrees under

normal signal strength conditions in order to have maximum intersatellite isolation. The

dither magnitude is only increased if signal level drops. This is done automatically by

sensing the strength of the pilot signal. The dither frequency is a modifiable parameter

which can be adjusted between 10 and 200 Hz.

The elevation angle of the antenna beam is controlled by searching for maximum signal

strength. Because of the wide antenna beamwidth and the generally slow variation of

satellite elevation angle, this search is done at a rate of one incremental beam shift per

second from 20" through 60" ha hacrements of 5". The total number of incremental

elevation beams is nine. A tenth one (90") is available in the manual mode. The low

search rate also separates the elevation servo information from the azimuth servo to

prevent cross-coupling.

5.1 STEERING CONTROL SYSTEM DE$CRIFI'ION

A block diagram of the Antenna Steering Control is shown in Figure 5-1. Each block has a

number identifying the paragraph below which explains the block.
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v

I. Transceiver

The receiver portion of the transceiver amplifies the pilot signal coming from the MSAT-X

antenna. It will have a bandwidth sufficient to accommodate the AM sidebands produced

by sequential Iobing. A sequential Iobing at a constant rate to the fight and left of

boresight produces a square wave modulation which has a large number of sidebands. The

first sideband pair at the Iobing frequency has over 81% of the total sideband power. If we

include the next sideband pair (which is at the third harmonic) we get 9% more power, and

the fifth harmonic adds 3.2% additional. The signal processor following the receiver is a

matched filter to the Iobing signal such that any loss in sideband energy reflects directly as

a loss in signal-to-noise ratio. For this reason, a lobing frequency just above the multipath

interference band would allow reception of most of the sideband energy with modest

bandwidth. At a minimum, at least the first sideband pair should be accepted giving a

sequential lobing signal-to-noise ratio loss of 0.9 dB.

The receiver C/N output which is fed to the steering control servomechanism represents

either the in phase coherent component (C) of the IF signal mixed to base band by the

phase locked loop, or a noncoherent detection output (N). The C signal is present when

the phase locked loop is locked duri= normal angle tracking, while the N signal is present

during acquisition. In either case, the voltage is directly proportional to the IF envelope.

The average envelope magnitude is a measure of signal strength and the amplitude

modulation is a measure of the antenna pointing error. According to the interface signal

specification, this output will be a nominal -1 volt corresponding to a -137 dBW receiver

input level. At present, there are no plans to incorporate an automatic gain control on the

received signal so that tha C/N voltage will change directly with the transceiver input signal

level. _

The Track Mode command from the transceiver to the antenna commands the antenna

into hybrid tracking mode when low and into open loop (inertial tracking only) mode when

high. Normally, the signal is low, allowing the antenna to determine the appropriate mix of

inertial and pilot signal steering based on the received signal power history. During

acquisition the Track Mode command is high which will force the antenna into a purely

inertial tracking mode. The C/N output is N (noncoherent) during acquisition. After the

signal has been acquired and the receiver C/N output is C (coherent), the Track Mode

command will go low (hybrid tracking mode).
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A Start Acquisition command from the transceiver to the antenna is a pulse of at least

10 msec and no more than 100 msec at TI_ levels. The signal is negative true. As the

name implies, the signal commands the antenna to start its azimuth scanning sequence.

2. Carrier Amolitude Low Pass Filter

The C/N channel output is a measure of the IF signal instantaneous envelope. This

envelope contains an average value which represents the carrier level and an alternating

component which is proportional to the antenna steering error. The low pass filter

removes the alternating component so that only the average carrier level remains. This

output is used to determine whether or not the steering control loop has sufficient signal

strength to permit closed loop tracking. The low pass filter time constant is 0.12 second,

which matches the half power beamwidth time on signal during the search phase of

operation.

3. Analog-to-Digital Conversion

Analog-to-digital conversion is used in three places to separate the analog and digital

processing. Much of the processing can be done either in the analog or digital domain.

The dividing line was determined by engineering judgment. The A/D conveners are 10 bit

and operate on DC signals from 0 to 5 volts.

4. Threshold Circuit

The threshold drcuit determines whether or not the signal level is sufficient for closed loop

tracking. This is a Modifiable Operational Parameter (M3) for testing purposes. The

threshold circuit is not activated until the Track Mode Command is low. If the C/N signal

level is above threshold level, the steering control loop is immediately closed, otherwise it

is opened. The tracking status is sent to the outside world.

5. Signal Search Delay (Ot)en Looo Time-OuO

If the signal fades, the steering control gets no information from the receiver. Angle

tracking is then accomplished solely from the angular rate sensor. Depending upon the

quality of the angular rate sensor, the antenna can remain pointed at the satellite within a

beamwidth for a considerable time while waiting for the signal to return. Eventually,

however, the pointing accuracy degrades to such an extent that the probability of pointing

at a satellite is sufficiently small to inform the transceiver by setting the 'Acquisition
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Complete' interface control signal low. This search delay is a Modifiable Operational

Parameter (M4) for use during testing.

6. Lo_c for Acquisition Complete (AC) Si_mal

The 'Acquisition Complete' line is low when:

The antenna isinthesearchmode, orII

2.

o

The antenna has completed the search mode (or not started the search mode)
but has found no signal exceeding the threshold level determined by Modifiable
Parameter 2, or

The received signal has dropped below threshold determined by Modifiable
Parameter 3 for a time period exceeding that determined by Modifiable
Parameter 4.

The 'Acquisition Complete' line is high when:

Io

2.

The antenna has completed the search mode, and

The searched for signal is above the threshold
Parameter 2, and

1

determined by Modifiable

The present signal has not been below the threshold determ/ned by Modifiable
Parameter 3 for a period exceeding that determined by Modifiable Parameter 4.

7. Inertial Search Angle Sequence

The antenna is scanned in azimuth and elevation whenever it receives a Start Acquisition

command. The scan in azimuth isdone in inertialspace because the vehiclecarryingthe

antenna may be in motion and turningduring the search phase of operation. The inertial

coordinate search is only possibleif the azimuth angular rate sensor is in operation,

otherwise,the search isdone invehiclecoordinates.The elevationangle search isalways

done in vehiclecoordinatesbecause: (I) there is no verticalrate sensor and, (2) the

verticalbeamwidth iswide enough tospan most expectedverticalexcursionsof thevehicle.

The azimuth angles are scann'ed at a rate of 250 degrees/second at a 30 degree elevation,

and 338 degrees/second at a 50 degree elevation. This permits the search for one pilot

signal to be accomplished in 2.5 seconds with half power time on target of 0.12 sec. When

the search is complete, the 'Track Status' output is set high and the maximum signal level
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measuredduring the search is tested for tracking adequacy. If the maximum signal level

exceeds that determined by Modifiable Parameter 2, the 'Acquisition Complete' output is

aLso set high.

8. Maximum Sisal Level Stora2e
v v

During the signal search mode described for Block 7, the signal magnitude for each angle is

measured. If the signal level is stronger than that previously measured during the search,

its magnitude along with the corresponding antenna azimuth and elevation angels is stored.

Only one storage location is necessary because the stronger signal always replaces the

weaker.

9. Sisal Strentnh Test

After all antenna positions have been sampled for signal availability during the antenna

scan, the search is stopped and the maximum signal level stored in Block 8 is tested for

sufficiency as determined by Modifiable Operational Parameter 2. If the maximum

measured signal strength is sufficient, the 'Acquisition Complete' output is set high. The

antenna steering control is simultaneously set at the azimuth and elevation angles through

Block 10. The antenna steering loop is now ready to start closed loop tracking when the

Track Mode signal from the transceiver is set low.

Modifiable Operational Parameter 2 (Acquisition Minimum Signal Level) is called out

separately from Parameter 3 (Open Loop/Closed Loop Threshold Signal Level) in the

addendum to Exhibit 1, Antenna System Requirements. In all likelihood, these parameters

should be the same; any acquisition minimum signal level should also be an acceptable

closed loop signal level.

10. An_,le Transfer

The azimuth and elevation angles stored in Block 8 give the antenna position where the

maximum signal strength was measured during antenna scan. The low pass filter in Block 2

effectively integrates the signal return for the time the satellite is within the antenna

beamwidth. Consequently, the full signal strength is not indicated until the antenna beam

has passed the peak gain position. The low pass filter output reaches a maximum

approximately 60 milliseconds after the antenna passes the satellite line of sight due to

capacitive storage. At the 30 degree elevation search angle, the scan rate is 250 degrees

per second (see Block 7) which causes the peak output to register 15 degrees after the
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beam passesline of sight. At 50 degrees elevation, the search rate is 338 degrees per

second, which causes the peak output to register 2"0 degrees after the beam passes the line

of sight. These offsets are subtracted in Block 10 from the stored azimuth before being

added to the azimuth angle integrator (Block 23). The elevation angle (either 30" or 50")

is transferred without modification.

11. Error SignalBand Pass Filter

The errorsignalband pass filterseparatesthe amplitude modulation component from the

DC carrierin the C/N channel. This reduces the dynamic range requirement for the

followinganalog-to-digitalconvener. Because the AM component isdriven toward 0 volts

by the angletrackingloop,the band pass filterwillalsoamplifythe signalby a factorof 50

so as to fullyutilizethe analog-to-digitalconvener capability.

12.
Q

The closed loop steering information is carded in the amplitude of the square wave

modulation arriving at the demodulator. By multiplying its signal with a fixed amplitude

replica of the dither signal, the square wave modulation is convened to adc voltage

propc .... :nal to the antenna beam pointing error.

13. Antenna Error Angle Low Pass Filter

The low pass filter eliminates the excess noise and multipath interference passed by the

receiver because of its wide bandwidth to accommodate the dither sidebands discussed in

Block 1. The low pass bandwidth need only be wide enough to permit the dynamic passage

of pointing errors accumulated by the angular rate sensor control. This is in the order of

fractions of a Hertz. However, since the bandwidth of the closed loop will be controlled by

other parameters, it will not be necessary to reduce the bandwidth to less than a few Hertz.

The reduced bandwidth allows the digital processor to operate at a lower sampling rate

without suffering the effects of aliasing.

14. Track Status Logic

Track status is a signal from the antenna to the transceiver. During acquisition, this signal

is set low while the antenna is scanning and is set high at the completion of the scanning

sequence. In track mode, this signal indicates the type of antenna tracking. A low TI'L

level indicates hybrid tracking and a high TTL level indicates open loop tracking.
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15. Closed Loot) Gain Control

The closed loop gain of the antenna steering control is determined by the sum of all the

component gains in the closed loop path. The value of K shown in the block is merely a

convenient place to modify the loop gain for the two conditions of rate aided tracking and

non-rate aided tracking. The theory and computations for the value of K are given in

Appendix C. The value of K is 2 degrees per second per volt peak-to-peak error during

normal operation. However, for one second after initial signal acquisition, the gain is

increased by a factor of 20 to assure rapid antenna positioning to the satellite.

16. Intem'al Control
v

Without integral control, the pilot signal can only correct a constant angular rate sensor

error by having a corresponding offset error in the pointing angle. Increasing the loop gain

K reduces the offset error, but increases jitter from the noise accompanying the error

signal. In addition, ff the signal fades,the antenna beam will move away from the satellite

at a rate proportional to the uncorrected angular rate sensor error.

The purpose of the integral control is to reduce the constant or slowly varying angular

offset error of the angular rate sensor to zero when the pilot signal is present. The output

of the integrator is then equal but opposite to the angular sensor error. If the signal fades,

the integrator holds its output at its last value, removing the angular rate sensor error

during open loop tracking.

17. Integral Control Delay

When the pilot signal exceeds the threshold as determined by Block 4, the direct control

loop through Block 15 is closed immediately, but the loop through the Integral Control

Block 16 is delayed. This is because prior to detecting the signal, the antenna will probably

have an offset, either due to antenna angle wander when under open loop control, or due

to the initial error in measuring the azimuth beam angle during search. It is necessary for

the direct control to remove these initial errors before the integral control is closed to

remove steady state errors. The delay is presently set for one second. The delay is used

only when inserting integral control; there is no delay when the integrator input is opened.

The integrator input is always open if there is no Angular Rate Sensor.
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18. A,n__lar Rate Sensor

The angular rate sensor produces a DC voltage proportional to the antenna azimuth

rotation rate in vehicle coordinates. This signal is the major input to the antenna control in

that it enables removal of most of a beam pointing error caused by vehicle turns. The

primary task of the closed loop pilot signal channel is to correct for the errors in the

angular rate sensor.

19. An_lar Rate Low Pass Filter

The purpose of the low pass filter is to ensure that there are no extraneous high frequency

noise voltages to cause aliasing effects on the output of the analog-to-digital converter.

20. Clock Frequency. Generator

The clock determines the antenna lobing dither rate. The theory of closed loop operation

is independent of lobe frequency as long as the frequency is above the response function of

the servomechanism. It follows then that the dither frequency could be continuously

variable or random. In general, the dither waveform would be ideally selected for

maximum immunity to signal fades. The optimization of dither waveform will have to

await the results of field tests under actual operating conditions. For the present, the

dither rate is controlled by the Modifiable Operational Parameter 5 which is adjustable

from 10 Hz to 200 Hz.

21. lntem'al Control Gain

The integral control gain G determines the averaging time over which the angular rate

sensor drift error is determined. It is only effective after the pilot signal search phase has

been completed and all the transients have died out. The theory and computation for the

value of G are given in Appendix C. The value of G is (1/15) deg/sec/sec per volt peak to

peak.

22. Dither Magnitude Control

The dither magnitude is controlled automatically by the signal amplitude. The dither

magnitude has a direct influence on the closed loop servomechanism gain, error channel

signal to noise ratio and second satellite signal rejection. In general, it is desired that the

dither be kept to a minimum to reject the second satellite signal; however, it is necessary

that the dither be sufficient to prevent angle track loss. Obviously then, the dither can only



be a minimum at high signal-to-noise ratio and must be increased as the signal level

decreases. This also keeps the angle tracking loop gain constant which is a desirable

feature.

23. A_muth Angle Integrator

The azimuth angle integrator takes the sum of all input digits and when the ourput reaches

3 degrees, increments the azimuth angle by this amount. The initial starting angle is the

largest signal amplitude location determined during the antenna scan mode. The azimuth

angle is also an output at test point 1,

24. Elev_Iion Algorithm

It was originally envisioned that elevation track would be accomplished by testing the signal

level periodically at 30 and 50 degrees and staying predominantly at the angle of greatest

signal strength. Further analysis indicated that the signal level could drop as much as 5 dB

when moving from a favorable to an unfavorable elevation angle. For this reason, it was

decided to move the elevation angle in smaller steps. The step size is small enough such

that the maximum antenna gain loss is less than 1 dB.

The elevation tracking loop utili_es the signal strength channel rather than the tracking

error channel. This separates the elevation tracking loop from the azimuth tracking loop.

The elevation angels are incremented in steps toward the strongest signal return. The

period between steps is on the order of one second.

Elevation control is initiated immediately after acquisition is complete and the transceiver

interface track mode signal indicates "Normal Tracking". The search algorithm operates as

follows:

°

.

°

Move the beam one resolution angle up if the acquisition was accomplished on
the lower search beam, one down if me acquisiuon was accomplished on the
upper beam.

Determine the pilot signal strength averaged over one second in the new beam
position.

If the signal strength is larger than that measured in the previous position, move
an additional resolution angle step in the same direction; otherwase, move back
one resolution step. If the limits of elevation have been reached such that there
is no further resolution angle step in the same direction, move to the previous
angle step.
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4. Go to instruction 2.

25. Pointing Processor

The pointing processor converts the azimuth and elevation angles into the 18 equivalent

phase shifts which feed the radiating elements.

26. Phase Shifters

The phase shifters are located in the RF lines leading to the antenna elements.

5.2 POINTING ELECTRONICS

The pointing electronics hardware provides the requisite analog and digital circuitry

needed to implement the pointing subsystem algorithm. It also provides an interface with

the transceiver, rate sensor, antenna, user, and test equipment. To provide these features,

the electronics is divided and placed at two different locales, namely the electronics box

and the antenna. All the ch'cuits associated with power conditioning, input signal

processing, and test interfacing is housed in the electronics box. The shift registers, which

drive the phase sheers, are part of the beamformer assembly - a board constituting the

fifth layer of the antenna. A fi'ontal view of the electronics box is shown in Figure 5-2 with

the main circuit boards comprising the box depicted in Figure 5-3. The reader is referred

to Figure 4-10 of Section ¢ of this report for a view of that portion of the electronics located

on the beamformer board.

5.2.1 Hardware Description

It is altogether fitting to begin a discussion of the electronics hardware by referring to a

block diagram/cable interconnect of the overall system as shown in Figure 5-4. Four major

blocks are shown, namely an electronics assembly (box), the beamformer, an antenna

subassembly, and a receiver test set. The latter item is for system test purposes only and

would be replaced with a transceiver in an actual commercial installation. The two former

items are the subject of discussion in this Section with the majority of the pointing/control

electronics located in the electronics box. The advantages of have a separate electronic

box are as follows:

• It gives a chance to move the electronics away from harsh "open air" conditions.

• The concentration of many low reliability, low cost components in one assembly
makes it possible to become a "throw away" item.
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It does not affect the size of the antenna, and

It is easy to maintain.

5.2.2 Transceiver Interface

A block diagram of the transceiver interface is shown in Figure 5-5. It also serves as a

signal flow description. The hardware supports two different modes of operation. With the

first mode, only the i'adio Links signal serves as an input to the antenna's steering servo-

loop. In the second mode, the radio link signal is inputted along with the vehicle's turn rate

as measured by the angular rate sensor. Either of these modes is selected via the

"ANGUIAR RATE SENSOR" switch on the front panel (see Figure 5-2). The operation

of this interface circuitry is as follows:

• The transceiver output signal is band-limited and is shifted in level thereby
adapting it to the microcontroller's A/D convener.

• The aforementioned input signals are conditioned in bandwidth and level by
active filters i_rior to being inputted at the A/D convener, the latter being part
of an intel 8097 microcontroller loop. One filter (bandpass) has a gain of 26
and a 3dB passband from 10Hz to 400Hz. The other filter is a low pass design
with a gain of 5 and a low frequency comer of 1.3Hz.

• Two discrete inputs and two discrete outputs form a handshake mode of
operation by which the transceiver directs the operation of the pointing system.
The "START ACQUISITION" pulse is buffered and accepted by the High
Speed Input of the microcontroller which then measures the direction of this

ulse, making sure it lasts 10 milliseconds, minimum. The 'q'RACKING
ODE' input is buffered and read by the microcontroller's PORT I.

• Discrete output signals, 'TRACKING STATUS" and "ACQUISITION
COMPLETE", are entered in parallel at DATA BUS and stored in UI6 (see
Appendix D, Dwg. No. I056C0002) transparent latch.

5.2.3 User Interface

Two modes of operation are available -"MANUAL" and "AUTO". In the "AUTO" mode,

the pointing system exercises search or tracking algorithms which can be altered by four

modifiable parameters. These parameters are controlled by a set of thumbwheel switches.

In the "MANUAL" mode, the fight half of the thumbwheel switch set is used to control or

steer the antenna's beam to a desired position in azimuth and elevation.

The modifiable sets of parameters are entered into the system by depressing the "LOAD"

pushbutton. This event also initiates the sequence which allows these parameters to be
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recorded by the user's test equipment. Figures 5-6 and 5-7 describes this interface which is

supported by the "HS INPUT' and "HS OUTPUT' handshake pair of discrete signals.

5.2.3.1 Dither. Search. and Track

Regarding the modifiable parameters mentioned above, each one is preset by two digits.

For the search and track signal threshold, they represent a percentage of one volt (e.g. "99"

= > .99 volt). The open loop delay is in seconds (e.g. "20" = > 20 seconds). The dither

frequency is in multiples of 10 Hertz (e.g. "20" = > 200 Hz, "04" = > 40 Hz), and is limited

by the software to range from 10 Hz to 200 Hz.

5.2.3.2 Elevation and Azimuth

Four thumbwheel switches located at the right, center (see Figure 5-2) of the front panel

are used for steering the antenna to a desired location when the system is in the

"MANUAL" mode. "AZIMUTH" is represented by three switches ¢vhereas

"ELEVATION" is set by one digit and is not direct reading, but is coded as shown in Table

5-1. The mean antenna position is displayed using the set of LEDS above the thumbwheel

switches (see Figure 5-2). A circuit synopsis of the events that occur at a particular

thumbwheel setting are as follows:

• At "POWER ON", the thumbwheel switch S1 reset setting is latched into
Parallel In/Serial Out Shift Registers (U1, U2, U3, and U4), read through the
microcontroller's Serial Bus, and stored in memory for future use.

• In the "MANUAL" mode, $1 is read by depressing the "LOAD" pushbutton.
The antenna is steered to a desired position according to the setting of $1.

• "ARS" switch (SW2) distinguishes between the operation with and without the
angular rate sensor.

• The "MALFUNCTION" LED (DS5) indicates the discovery of errors in the
"wrap-around" self test (the first bit in the 144 bit word is remembered and
checked, thence updating the position of the antenna), or during the A/D self
test, when a set voltage is read at ACHO.
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Table 5-1. LED Reading versus Elevation Angle

LED

Digital Reading

Elevation Angle

(Degrees above Horizon)

0 20

1 25

2 30

3 35

4 4O

5 45

6 50

7 55

8 6O

9 90

5.2.4 Antenna Interface

Control of the phase shifters in the antenna's beamforming network is by commands from

the electronics box transmitted to the antenna via a 15 conductor cable. This operation is

as follows:

One 144 bit serial word is sent to the Antenna Phase Shift Latches every time
the portionof the antenna isupdated. The microcontroller'sserialbus isused
for thisfunctionand requiresminimum software control. The shiftclock for
thisoperationwillbe setat500 KHz.

Bus Driver U17 is used to drive the control cable. This IC is also used as a bi-
directional buffer to allow the microcontroller's serial bus to be shared between

sending the data into the antenna and reading the thumbwheel switch as
described above.

5.2.5

The power supply has been altered,during the system development, to accommodate

changing requirements. At thistime,itdoesn'trepresentthe best possibleapproach. The

performance isacceptable,however, for the broadboard levelof the development phase.

Another scheme, recentlydeveloped and testedby TRE, willbe recommended for follow-

on phases.
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As configured, the power supply consists of two-states: 1) a bucking regulator which

supplies a high current, 5 volt output for biasing the beamformer diodes; and 2) a DC-DC

convener used as a source to derive all the other voltages used by the MSAT-X antenna

system. Table 5-2 lists these voltages in the form of output versus input voltage. This same

table also shows the efficiency of the power supply.

Table 5-2 Output venus Input Voltage

(Efficiency at Vn_ = I2V is 68%)

Output Voltages

Input 5V bias 5V 5V SP + 15V -15V + 28V

Voltage (3A) (.9A) (.08A) (.06A) (.02A) (.03A)

12V 5.27 4.98 4.80 14.44 - 14.65 26.83

8V 5.17 4.75 4.82 14.72 - 14.84 27.89

18V 5.35 4.91 4.51 14.62 -14.67 27.10

Reference is made to Appendix D for a comprehensive set of drawings of the electronics

box hardware. These drawings, in addition to being of general interest to the readers of

this Report, are included to serve as a guide during the installation and maintenance of this

system. In the case of inconsistencies between the electrical and mechanical sets of

drawings, the electrical schematics should be regarded as more accurate. Table 5-3 lists the

drawings, along with a synoptic description of the subject matter, included in the

aforementioned Appendix.

5.3 POINTING SOFTWARE

The software for MSAT-X has been designed, coded, and tested. The code is written in

8096 assembly language and was developed on an IBM compatible personal computer.

The code and the system was debugged and integrated using an Intel VLSICE-96P (in circuit

emulator). The program is stored in 16 kilobytes of ROM, most of which is used to contain

the phased array position tables. The code is modular and well commented including

procedure headers and flowcharts of all of the main subroutines. Each of the main

routines is summarized below and a processor I/O diagram is shown in Figure 5-8 to

enhance the descriptions.
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Table 5-3. List of Electronics Box Drawings and Context Matter

Item Drawing No. Description

1. 1056A0001

2. 1056A0002

3. 1056B0005

. 1056C0141,

I056C0151,

1056C0161

Electronics Box Assembly

Electronics Box Schematic Diagram

Cable interface of Electronics Box with antenna and test receiver.

Refer to Drawing 1056B0025 for details of W4 cable. Refer to

Drawing 1056A0132 for details of W3 cable.

Components location on wirewrap and two terminal boards...

which are part of the electronics box.

5.3.1 MSAT-X Software Procedure Deserir_tions

MSATX-EXEC:

This is a real time loop which monitors the Start Acquisition (SA) input (shown in Figure

5-8) and the external interrupt input. Once a SA pulse is detected, the procedure

POSITION-SCAN is called to search for the antenna's position. On returning from the

POSITION-SCAN procedure, ff the Acquisition Completed (AC) condition is met, then a

second loop is entered for tracking. The tracking loop is discussed below. A detailed

flowchart is given in Figure 5-9, sheets 1 and 2.

POSITION SCAN:

This procedure scans I20 positions of azimuth and two elevations (30 and 50 degrees). At

each position an average signal strength reading is taken. The maximum signal strength

reading will be stored and if above a given threshold, the antenna position is set. A

subroutine "SET-POSITION" is called to shift out the correct position pattern for the

scanned azimuth and elevation. Due to filtering in the hardware, the actual antenna

azimuth will lag the azimuth found by the scan. For this reason an off.set of either 15 or 20

degrees (depending on the elevation) will be subtracted from the scanned azimuth. The
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two interfaceLines(AC, TS) will be set or cleared depending on acquisition.These

interfacelinesare shown in Figure 5-8. The POSITION-SCAN procedure takes 2.5

seconds to execute.A detailedflowchartof POSITION-SCAN isgivenin Figure 5-10.

TRACK:

TRACK is another real time loop of the executive (control loop) which constantly mordtors

the processor timer for preset time intervals. If a time interval has elapsed, the proper

procedure is called, otherwise the loop continually cycles. The interrupting procedures are

TRACK-DrITIER, AZ-Update, Sample, Hybrid-Loop, and Elev-Dither. A detailed

flowchart of TRACK is given in Figure 5-9, Sheet 2 of 2. This cycle will track the signal

(found during the position scan) over 120 positions in azimuth and in 9 elevations. This

cycle takes 1.8 milliseconds at worst case before repeating. The azimuths start at 0 degrees

and increase to 357 degrees in increments of 3 degrees. The elevations begin at 20 degrees

and range to 60 degrees in increments of 5 degrees. Descriptions and flowcharts of each of

the interrupting procedures are given below.

TRACK-DITHER:

Low pass filtering (quantization) and dithering is accomplished in this procedure. The

procedure takes one last sample, loads the current antenna position, then shifts out the

next position. This sequence ensures that the samples will be taken when they are most

valid. The frequency of this procedure is determined by modifiable parameter five. Each

time it is called, a new position is calculated and set by adding the dither magnitude to the

current average position. All of the samples of the pointing error that were collected at the

current antenna position are summed and the dither count is incremented. It is this

averaged sum that is used to compute the increment of azimuth due to pointing error. The

TRACK-DITHER routine take 1.3 milliseconds to execute at worst case. A detailed

flowchart is given in Figure 5-11.

AZ UPDATE:

This procedure is called every 50 milliseconds and updates the current azimuth position

because of changes from the rate sensor and the pointing error signal. The antenna

position azimuth is stored by the processor as a 16 bit BAM (Binary Angular

Measurement). The calculation of the BAM increment is done in this procedure and

includes system gain (K) and the ARS DC offset, if any. The increment is also limited
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within 4 degrees to avoid losing track due to glitches. The 4 degrees will still allow a turn

rate of 75 degrees/second since this increment is done every 1/20 of a second. The signal

magnitude is also sampled at this time and then averaged later. The AZ-UPDATE

procedure takes 285 microseconds to execute at worst case. A detailed flowchart is given in

Figure 5-12, Sheets I and 2.

HYBRID LOOP:

This procedure is called every 100 milliseconds and tests the TM (Track Mode) input for

OPEN or CLOSED loop tracking. If the transceiver selects open loop tracking, a delay is

implemented before the track mode exits. If closed loop tracking is selected, the filter and

dither routine will begin executing. The software flag IC (Integral Control) is tested in this

routine; IC is also tested during the first second of the "tRACK" mode if a wait condition is

entered. After 1 second, IC is set to go and the ARS DC biasing begins. The HYBRID-

LOOP procedure takes 30 microseconds to execute. A detailed flowchart is given in Figure

5-13, Sheets 1 and 2.

ELEV DITHER:

Elevations from 20 degrees above the horizon to 60 degrees are scanned for the greatest

signal strength. This procedure will cause the antenna to dither about this elevation and

the two adjacent elevations. The signal magnitude used is an averaged value which was

sampled in the AZ-UPDATE routine. This procedure takes 55 microseconds to execute.

A detailed flowchart is given in Figure 5-14.

EXT-INTR:

This procedure is called when the "LOAD" push button is pressed. If the system is in the

automatic mode then the current modifiable parameters are sent out over the parallel port.

If it is in the manual mode, the current azimuth on the thumbwheel switches is sent to the

antenna. A detailed flowchart is given in Figure 5-15.

SAMPLE:

This routine reads the pointing error signal via an analog-to-digital converter. The sample

is summed and then averaged at a later time. The sample routine is called at a rate of 2000

Hz and takes 65 microseconds. A detailed flowchart is given in Figure 5-16.
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SECTION 6

MSAT-X MECHANICAL DESIGN

6.1 GENERAL DESCRIPTION

Mechanically, the MSAT-X breadboard development antenna is a very thin multi-layer

wafer just 0.75 inch thick by 22 inches in diameter.., exclusive of the R.F. and power

connector which exit from the bottom of the unit. Its overall weight is approximately 15

pounds. The antenna, shown in Figure 6-1, is an assembly of etched circuit boards joined

together with screws to allow disassembly for tuning adjustments. The majority of these

screws also serve the additional purpose of forming the walls of the 19 cavities.

The antenna also contains a supporting aluminum plate for the beamformer. This plate

provides the threaded holes for the screws, stiffness to support the beamformer.printed

circuit board, and provisions for the attachment of coaxial connectors used for testing prior

to the final assembly. Stripline and microstripline boards comprising the antenna are:

crossed-slots, feeders, hybrid couplers, and phase shifters. A bottom cover completes the

assembly. These boards and how they make up the composite antenna are depicted in

Figure 6-2. Figure 6-3 shows how a typical system might mount in a vehicle.

6.2 MECHANICAL DESIGN

It is worthwhile to include a brief description of the various boards that comprise the

antenna. The exact circuit detail of these boards is described elsewhere in this report. All

the circuit boards described herein are DI-CLAD woven PTFE (teflon) microwave

composite laminates of the 522 series by Keene Corporation of Bear, Delaware. This

material is quite stable, has a low loss tangent, a dielectric constant of approximately 2.5, a

thermal expansion coefficient of 10-12 ppm/'C (in the x-y direction), and is supplied with

one ounce copper on both sides. Its major disadvantage is cost which is discussed later in

this report.

A brief description of the printed circuit boards that comprise the antenna is given in the

following paragraphs. One is encouraged to refer to Sections 2, 3, and 4 of this report for

photographs and/or drawings of each of the p-c boards or assemblies described below.
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6.2.1

The beamformer consists of an etched .031" thick teflon p-c board bonded to a sheet of

.125" thick aluminum for stiffness. Originally, the stiffener plate was planned to be .125

plated teflon but the integrity of threaded holes in this material was unsatisfactory, hence

this approach was rejected.

The parts count for this board numbers 1033 coils, diodes, capacitors, integrated circuits,

and transistors. All components are surface mounted using SN 63 solder except in the case

of the diodes which are affixed with Indalloy #2 solder. Basically, the circuit board is

comprised of 18, 3-bit phase shifters, 6 3-way, and 1 7-way power divider. Each phase

shifter consists of three loops interconnected with PIN diodes and chip capacitors. DC

connections are made using choke coils and capacitors to the surface mounted 14 pin DIPS.

These parts are mounted by spreading and cutting the leads to solder flat on the

microstripline board.

6.2.2 Cover

The next layer up from the bottom of the antenna stack is a .031" teflon cover. It hasslots

cut in it to recess the 50 ohm chip resistors serving on terminations for the hybrids. Holes

in the board accommodate the pins linking the output of the beamformer phase shifters to

the hybrids. The sole function of this board is to serve as a ground plane cover for the

stripline hybrids.

6.2.3

The hybrid p-c board is of .031" teflon material and serves as the polarization designator

(RHCP in this case) for the antenna along with its other major function of feeding the feed

circuits. Nineteen hybrids and load resistors make up this board.

6.2.4 Feeders

This board is of .090" and .125" teflon material for the fast and second breadboard units

respectively. The feeders are tied to the hybrid layer via plated through holes and pins.

They are grounded to the antenna's ground plane by plated through holes.
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6.2.5 Radiator Layer

The antenna consists of slots etched in the innermost metal layer and isolated from each

other by means of plated through holes spaced approximately .4" apart. This layer forms

the top half of the cavities and in .090" and .125" thick teflon respectively in units #1 and

#2.

6.2.6 Radome

Originally, it was intended to have a radome comprised of .005" FIFE bonded to the top of

the radiator layer, hence covering the slots and providing protection against the

environment. However, this did not materialize with these models since they were bolted

together. Instead, a radome was painted on using a white, translucent radome paint .002

thick. It seals the top of the antenna nicely and has losses of less than .2 dB at 1600 MHz.

6.2.7

The back cover serves as an EMI and environmental shield. The unit is bolted to the

beamformer baseplate leaving an air gap of .200" between it and the circuit board. This

provides adequate clearance for the components and is factored into the design of the

microstripline circuitry of the board. The present cover is anodized aluminum. However,

future covers could be made of thin film deposited metal, high impact plastic to conserve

weight and cost, yet perform its electrical and environmental protection functions

adequately.

6.2.8 .C,.o.nllg__d2_

6.2.8.1 R.F.

The design of the RF connector/launcher proved inadequate on the first deliverable unit

and subsequently needed strengthening to prevent mechanical breakage of the solder bond

between the center conductor of the connector and the bearnformer board. For the

purpose of the development module, the aforementioned connector is really a short piece

of RG-141/U semi-rigid coax soldered to a collar and having an OSM connector on one

end. An additional supporting collar had to be machined to secure this assembly and

prevent damage to it. The unit is now very sturdy.
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6.2.8.2 power And Sisal

A 15 pin TRW "D" type subminiature connector brings the power and signal circuits to the

antenna from the electronics box. The connector is securely mounted to a bracket aff'txed

to the back cover with screws and nut plates. A bead of silicone RTV serves as a seal

where the wires pass through the cover. The entire assembly in quite sturdy.

6.3 FABRICATION

Fabrication of the antenna/beanfformer array was done as follows. This will also give

same insight into the repair of the unit if the need arises. Refer to Figure 6-4.

1. Detail boards will be etched and holes drilled and plated through.

2. The beamformer board and the stiffness plate will be bonded together using
silver-loaded epoxy.

3. The hybrid, feeders, antenna, and cover board will be etched and 620 .094"
diameter holes drilled and plated through. Additional holes (per unit) will be
drilled and processed (again per print) as required per board.

4. The hybrid and feeder board will be pinned and soldered together per
engineering direction.

5. Nineteen, 50 ohm chip resistors will be attached to the hybrid board per print.
Slots will be cut in the cover sheet to recess the resistors. Pins will be soldered

to the input pads of the nineteen hybrids.

6. The crossed-slot, feeder, and hybrid boards are combined with threaded
fasteners for testing. The phase shifter board needs the cover along with an
aluminum plate for testing.

7. After testing, the aluminum assembly plate for the antenna will be removed and
all four boards will be keyed together along with the beamformer. They will be
bolted together using 620 brass 2 x 56 binder head machine screws of the
appropriate length. Each screw is tightened to 1.7 in-oz of torque.

8. Teflon spacers are inserted over each pin and in the holes leading from the
phase shifter outputs to the hybrid board. A strap is attached from the output
of each phase shifter to the appropriate pin to each hybrid.

9. Attach the shield or environmental cover. At the conclusion of testing, seal and
paint.

Many of the features that are needed for a development unit are not needed in a

production unit. Other ways of providing the same functional performance without the
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numerous screws that now hold the antenna together or the aluminum plates must be

designed.

6.4 MEC_CAL TECHNIOUES ASSOCIATED WITH MSAT-X

6.4.1 B.o_aOJ 

The time required to optimize the antenna element design did not leave time to develop

tools and processes to bond the assembly or test the individual boards before bonding.

Since this antenna represents stripline and microstripline boards much larger than the

average microwave circuitry, the problems of differentiated expansion, and restraining

parts during high temperature bonding procedures are magnified. Add to this, the

requirement to make connections between boards without penetrating the antemia element

cavities and the problems become very apparent.

The two breadboard antennas delivered under contract were bolted together because TRE

could not successfully bond the four layers together in the exercise of this phase of the

program. More testing and study needs to be carried out in this area to determine the

correct temperatures, pressure, and adhesives required for the job. Bond tests were

conducted on specimen boards of the size used in these antennas; however, the results were

not satisfactory. Cooling differentials within the layers caused a buckling of the copper and

a shearing of some of the plated-through barrels, most noticeably at the interface between

layers where the lip would tear away from the body or central shaft. A/so noticed was

bowing of the bonded specimen after it was removed from the autoclave.

6.4.2

Another mechanically weak spot in the antenna is how the R.F. connector launches onto

the beamformer board. Presently, a piece of RG-141/U semi-rigid coax is affixed to a

mechanical collar (for mechanical support), its center conductor bent at right angles, and

the whole assembly soldered to the input of the microstripline 7-way power divider. This

serves as the input port of the beam.former circuit. Where the connector is soldered to the

board also constitutes a small area which is vulnerable to cracking and breakage.

When it was discovered this was a problem, steps were taken to alleviate it by "beefing-up"

the mechanical support anchoring the coaxial input line in place. This was done by

machining a special pyramidal shaped collar that clamps around the connector where it

6-9



egresses from the cover. A three-point bolt arrangement at the base of the collar

(attaching it to the cover) further stabilizes this connector.

A glance at Figure 6-1 shows that the R. F. and power connectors exit the antenna from the

bottom. It is desired of future models to have these connectors exit the antenna at the

edge. This would make a true low profile antenna approximately .75" thick overall. The

present models are indeed of this thickness, but this is exclusive of the connectors.

6.4.3

The boards on these antennas are tin plated, in the interest of economy. Unfortunately, tin

plating tends to oxidize badly. Additionally, the complex circuitry of the bearnformer board

meant that its plating had to be of the "electro-less" type. This had the tendency to make

the plating on that particular board non-uniform and very thin. Future models must have a

different type of plating; something more stable (like gold, perhaps), yet easily soldered.

6.4.4 Solderine Technioues

Initially, all the components of the beamformer board were soldered in place using SN63

solder with a temperature controlled soldering iron at 600* F. Later, some diode failures

were noted. Reliability analysis plus discussions with the supplier of the diodes unearthed

the fact that the die/flit interface of these PIN diodes would rapidly deteriorate at

temperatures above 300"C since the gold would migrate into the solder leaving this

interface brittle. For these antennas, the problem was solved by using Indalloy #2 (melting

point, 150" C) solder and a low temperature, variac-controlled soldering iron. Future units

should employ vapor-phase soldering techniques or something similar to avoid these

problems.

6.4.5 Intra-Antenna Interconnects

Launching from the beamformer to the hybrid board is now done with pins and straps. The

heads of the pins are soldered to the stripline drcuitry of the hybrid board, a delicate

process that can lead to lifted pads if one is not careful. Also, great care must be exercised

to center the pins. Following this action, the stripline cover is bolted in place, teflon inserts

placed over the pins in the holes, and the straps formed and soldered to the top of the pins.

Obviously, this can present quite an alignment problem with risk of damage to the circuit
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boards if care is not exercised More work is required in this area to simplify this process

and improve its reliability.

6.4.6

As presently configured, the bottom cover of the antenna (over the beamformer) is held in

place with over 60 steel studs that screw into the aluminum support plate of the

beamformer. Spacers are screwed over the studs to maintain proper clearance (.20")

between the inner surface of the cover and the beamformer board. The studs are held

tightly in place by "torque-seal". The cover is installed and tightened down at 1.7 in-oz, of

torque per stud. There is nothing wrong with this procedure, however, sometimes when the

cover is removed, an occasional stud may come off with the cover. A better arrangement

will be devised on future models to affix the cover.

6.5 CONCLUSION

The MSAT-X antenna represents a major advancement in the size and complexity of

combining digital and high frequency circuitry into a thin integrated package. The bolts

and aluminum threaded plate add to the complexity, but are adequate and do allow

development testing. Improvements can be made. The relatively expensive cover and

spacers can be injection molded in one piece, for instance, and metallized. The phase

shifter board can be held to a stiffener tool with vacuum during parts installation and

testing. Methods of mass producing very reliable solder connections must be considered,

such as vapor deposition. Surface mount robotics would improve the cost of fabrication.

Low temperature and pressure bonding materials must be developed. These are tasks that

will be addressed in later versions of this product.
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SECTION 7

MSAT-X PRODUCTION ANTENNA COST ANALYSIS

This section summarizes the material/labor cost breakdown for yearly production

quantities of 1000, 5000, and 10,000 MSAT-X phased array vehicle antennas over a five

year period beginning in 1990. Additionally, a one-time production quantity of 11 units is

also priced. Manufacturer's selling price, wholesale price and retail price. The data

presented herein presents TRE's realistic progression to reach the customer's

manufacturers' cost goal of 1;1500 or less per unit in yearly lots of 10,000. TRE is taking the

approach that this goal can be met with such labor cost reducing methods as automation

(robotics) and perhaps off-shore manufacturing facilities.

Table 7-1 shows a summary of the cost analysis. Note that the estimated manufacturer's

unit cost is 1;1363 for 10,000 units per year for 5 years, using a dedicated offsite operation.

The confidence level (under our assumptions) of this estimated cost of 1;1363 is within 5%.

Therefore, the ultimate cost goal of 1;1500 or less has been met. For a local plant (inside

the U.S.A.), however, the unit cost is 1;;1848 which is higher than the targeted value of

1;1500.

Table 7-1. Cost Analysis Summary

Quantity Manufacturer's Manufacturer's Wholesale Retail

per year Cost (1;) Selling Price (!;) Price (1;) Price (1;)

10,000(A)* 1363 1800 2215 2770

10,000 (B)'* 1848 2595 3195 3995

5000 2060 2890 3560 4450

1000 2589 3635 4480 5595

11 4461 6260 7710 9640

1111

Antennas manufactured at a TRE dedicated off.site operation (commercial
profit center outside the U.S.A.).

Antenna manufactured at a facility within the confines of the U.S.A.
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The high cost driver items have been identified and arc summarized in Table %2. It is

noted that the most costly item is the dielectric circuit board material, which uses the teflon

fiberglass to minimize RF circuit losses. By using lower cost circuit board material,

reducing the overhead cost, and improving the manufacturing technique, the targeted unit

cost of $1500 will be met for the local plant (inside the U.S.A.).

Table 7-2. High Cost Driver Items for 10,000 Units per Year

Items Cost Percent of Total Parts Cost

Dielectric Circuit Boards

Phase Shifters

Electronics

Angular Rate Sensor

$293 25.7%

$259 22.7%

$250 21.9%

$180 15.8%

7. i COST ANALYSIS

The method used for the cost analysis is to break the unit cost into six distinct groups as

suggested by Jet Propulsion Laboratory (J'PL). These groups are:

• Material and Parts

• Assembly/Labor

• Manufacturer's Cost

• Manufacturer's Selling Price

• Wholesale Price

• Retail (User's) Price

Each of the six groups will be discussed in the following subsections.

7.1. I Material and Pan_

A pans list has been generated for each antenna system. Based on the parts list; total

material cost has been determined for different quantities of production units per year.

Results are summarized below:
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Number of Units Material Cost

11 $1806

1000 51290

5000 51084

I0,000(A) 51018

10,000(B) 51018

Based on the above results, the material cost is still somewhat high. Therefore, different

types of material should be explored to reduce the cost. In addition, the design concept

should be re-evaluated to reduce the required material. Note that the total material cost

includes the rate sensor. The total material cost for the phased array antenna is ordy $838

for the case of 10,000 units per year. Therefore, the cost of the rate sensor is a significant

factor.

7.1.2 Assembly/Labor

The assembly/labor required to build the antenna system was analyzed.

Number of Units Assembly/Labor

11 $991

1000 $469

5000 $348

10,000 (A) $122

10,000 (B) 5292

Based on the above cost, it was concluded that the assembly/labor is not a cost driving

item.

7.1.3 Manufacturer's Cost (MC)

The manufacturer's cost is defined as follows:

MC = Material and Parts + Assembly/Labor + Overhead

For the MSAT-X production antennas, this illustrated as follows.
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Number of Units

11 $4461

I000 $2589

5000 $2060

10,000 (A) $1363

I0,000 (B) $1848

Note thatthe estimated manufacturer'sunit costis$1363 for TRE's offsiteoperation for

10,000 units per year for fiveyears. The estimated value of $1363 is lower than the

targetedunit costvalue of $1500. For the localplant (insidethe U.S.A.),however, the

estimatedunitcostis$1848 which ishigher than the targetedunitprice. The major cost

differencebetween the offsiteand localplan facilitiesis the assembly/labor and the

overhead cost.

7.1.4 Manufacturer's Selling Price (MSP)

The manufacturer's selling price is defined as:

MSP = MC + Gross Profit

The estimated MSP is summarized below:

Number of Units Material Cost

11 $6260

1000 $3635

5000 $2890

10,000 (A) $2595

10,000 (B) $1800

7.1.5 Wholesale Price _nd Retail Price

Based on a limited survey of current, cellular commurticatiom hardware, the cost of

distribution and retailing represent as markup of the manufacturer's selling price of roughly

54% as follows:

Manufacturer's Selling Price

Distribution Selling Price (DSP) -

SMSP

111% x MSP
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Wholesaler Selling Price (WSP) -

Retailer's Selling Price (RSP)

111% x DSP

125% x WSP

This chain results in the Retailer's Selling Price equaling 154% x the Manufacturer's

Selling Price. It may be possible to reduce one of the distribution levels and thereby

reduce the price the customer ultimately has to pay.

The results are given below:

Number of Units Wholesale Price Retail Price

11 $7710 $9640

1000 $4480 $5595

5000 $3560 $4450

10,000 (A) $3195 $3995

10,000 (B) $2215 $2770

7.2 RESULTS

In order to provide an overall picture about the cost of a complete antenna system, all

component costs are summarized together in Tables 7-3, 7-4, 7-5, 7-6, and 7-7 for

production units of 11, 1000, 5000, and 10,000 per year, over a 5-year period. The high cost

items are the teflon/fiberglass circuit board material, phase shifters, electronics circuits and

angular rate sensor. In addition, the overhead cost is also very significant. Using the offsite

operation, TILE's estimated manufacturer's unit cost is $1363 which meets the ultimate

goal of $1500. The error in cost estimate is about 5%.

It should be noted that the manufacturer's unit cost comes down drastically from the first

11 units ($4461) to the 10,000 units per year which is $1363.

7.3 CONCLUSIONS AND RECOMMENDATIONS

In view of the cost analysis results, TRE concludes that the $1500 manufacturer's unit cost

goal can be met with the offsite operation. The estimated unit cost is $1363. For the local

plant (inside the U.S.A.), the unit cost goal could be met by using lower cost circuit board

material, reducing overhead cost and improving the manufacturing technology, at the

present time, the estimated unit cost is $1848. TRE is committed to the MSAT-X program

and will continue to investigate the methods of achieving lower cost for future MSAT-X
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Table ";-3. T_E Fab. and Ass),. Complete, 11 U_i_

?_.ased A:.'av "n:er.na Pa:*_S an_ "_,or _,*_'s

o _dc_e

o Dialer:rio cl:=ul= boards

- radiator layer

- hybrid layer
- _hase sharper layer

o Phase shif:e:s
- Pin diodes

- resis_ors

- r.apacA_ors and ¢_okes
- eCC.

Open-loop poAn_Ing sensor

[lec_ronlcs

- Ytlcroprocessor

- ?eripherias

o Y_chanlca! s_ru¢:ures

o Cable, conner:ors, arc.

Asse=bl_/Labor

o Radome

: _adAa_ors

o _vbr_ds

1986 S's
A_s:;u:e C:s:

23

(397)

261

91

4S

( 702 }
529

I0

163

300

(360)

9O

270

5

19

.3

_14.2

9.3

3.3

1.6

[25.i_

!8.9

.4

5.8

IO. 7

(12.9

3.2

9."

.2

°'J

o Phase shAf_t: la_er

o _hase shif=ers

o Electronics

o _echanical S_rucmures

o Anmenna in_s_ra_ion

Ove;_ea¢ Co_

Z:an_ To_al _Manufacmurer's ::s_l

Gross ?roll:

_o!esa'• _.r!:•

- .TI2-

51,806 _4.6%

99

471

187

94

36

49

29

26

3.5

'.6.a

_.4

/.3

l.O

.9

S 991 _ '_

S1,664

S4,461

SI,'99

S','20

S9,64C
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Table 7-4. TRE Fab. and Assy. Complete, 1000 Unit.s/Yr - over a S-year period

?_'.a$_ _. kT:a':..'_:2:..".;_. ?a:;s t.',c "=':o." ::5:5

:ielec:::c _-=....: _oa:is

- :aCla{:: laye:

- hybrid iayer
- ;nase snlf_: iaye=

o ?base shlf:ers

- Pin diodes

- _tsis_o_$

- ¢&paci:o:s and _nokes
- eCC.

o _en-!oop _oln_Ing senso:

Eiec::onics

- _¢:op:ocesso=
- ?erlphe:!es

:_echanlca± s_:_c:_:es

Jabie, connec:_:s, _=:.

ksse=bi_/Lahor

= Rad=me

= _va:ids

: ?base shif_e: laye:

= _h4se shi_e_s

o El_c_==nics .

• _echan_cai $=:uc=u:ss

= An=enna £n_eg=s==on

S:bcoca!

_ross ?:ofi:

-:_iessle .:::s

"986 S's
.:_ s o"_: e ::s:

S; "="

S4,480
i

19

(331)
217

38

{461)

]44

i0

!07

200

(260)
5G

204

15

_2.3

4.]

"9.5

.6

ii.4

_14.3)

3.2

.2

.9

2.6

4.7

2.3

2.1

!._

46

207

83

41

36

29

14

13

mill
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Table 7-5. TRE Fab. and Assy. Complete, 5000 Units/Yr - over a 5-year period

• =: 8nd "*._o= =:s:sPhLsed A:':'a'-.._==e.n.-._ _& s

A.

_986 S ' s

_=erlll and _ar:s

o _do=e

o Dielec:ric ct:cui: boards

- radiator layer

- hybrid layer
- phase sh£f_er layer

o Phase shi_tars

- Pin diodes

- =ls£s_ors

- capec£_ors and chokes
- eu¢.

o Open-loop pointing sensor

o _ec:ronics

- Microprocessor
- Per£phertes

Mechanical structures

_t_le, Connec:ors, e_.

17

(303)

199

69

35

(302)
193

10

99

190

(253)

56
!97

15

1.2

21.1)

13.9

4.8

2.4

2!.i

13.5

.7

6.9

13.3

17.7

3.9

13.S

.3

i.,9

Sub:::al

A_3e:bt_/Lahor

o _adome

o _ad_ato_s

o _vDri_s

o ?hast shA_Zer layer

o Phase shif:e:s

0 Z. .: "

o MechanAcal S_=uc_res

o Antenna integration

I ='.'srnead Cos_

_r3nd Trial ,'Msnufsc:ursr's C:s:)

_ross PrD_it

_::ies.le --* ?r:-"

SI¢084

33

145

60

30

36

2_

!0

9

$ 3_8

S 628

s g3C

i i i i i

2.3

I,9.1

4.2

2.5

1.8

.6

24.3%
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Table 7-6. TILE Fab. and Assy. Complete, 10,000 Units/Yr - over a 5-year period

?Sase_ A:.-aS -.n -. -_.-..-._t ?ar:s an¢ La:o: =:szs

A.

o -'.aco_e

- raela_or lzye:

- hybrid layer
- _hase snarler layer

o ?base shlf:ers
- _!n diodes

- ca_aclcors and chokes
- e_c.

: C=en-!oop _olnt_ng sansor

o 51ec::onlcs

- }_Ic:oprocessor
- ?er_he_es

Cable, aonne¢::_s, e_c.

Su_:::al

isse:bi[/Labor

o Rad:me

o Ra_A&_O=$

o _'r=rids

o _hase shA:te: layer

o ?base shifmers

o _lecm:=nics

!_echa_ical Structures

o An_mnna in_q:a_:on

5ubtota!
| i i u

Stand Total !Manu_acmu-_-.-'s C._s=!

Gross ?.':.*!'.

_'znu-_--c-.ur-.-'s _a'_es .'-r'.--_

"2,olesale .=r-c.-

(per _z&: :anu#aa:u::z_ ::s:s_

L98_ S's
.<_soi=:e C:_:

_293)

194

66

33

(2_9)

I0

98

!80

(250)

56

i94

4

15

SI:018

28

48

24

3_

22

9

9

i

s 292

_I ,_48

s 747

S3,L95

I22.4_

14.8

5.1

2.5

11.5

.9

7.5

L3.7

(19.1)

4..3

14._

.3

/..i

i

2."

_.9

J.7

2._"

i.',

.?

.?

22.2%

_. 99 _. .
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Table 7-7. TRE Decated Of_ite Operation. 10,000 Uni_/Yr - over a 5-year period

Phasec A.-.-ay .'n_e.".na-, ?-'':$ and '=._o:" _..;.s:s

_a:erlal and _sr:s

- radiator lay, r

- hybrid layer

- phase shifter laylr

o ?bass shi[_srs

- Pln dlodes

- ras_s=ors

- capacitors and ¢hokas

o Open-loop poi:=_ng sansor

- ."ticro_roctssor
- ?e=iphe=las

o _¢hanica± s:ructures

C CAble, ¢o_2ec:ors, _:.

o Radcme

o Radla_ors

o HvDzids

: _._ase s_Af_e: layer

o Phase shi:mers

.- --

o _ecnanAcal Strucmu=es

o Anmanna in_eg=amlcn

|

!986 $'s
A_S:_u:e _os:

17

(293)

194

66
33

(259)

ISi

I0

98

180

_2S0)

56

194

4

!5

s_,o_,e

12

48

2O

i0

15

9

4

4

• :._ -.-.-...{ ::_:

i'.0

2.9

C22.7}

!3.2

.9

S.6

i_._

(21.9)

4.9

17.0

.4

1.3

89.)%
m,

1._

4.2

.9

1.3

.4

.4

_rax_ TOtAl :;_anu_ac_uy_r ' s _o-%_•

s _22

s 22:

SI._63

Gross ?--oflu S 43?

":-"'':-'.'r.r- 's .=ales ?r_:_* $19C0

C::'-_sale _ " ""'". r'-.'. $.;.-2

i
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program and will continue to investigate the methods of achieving lower cost for future

MSAT-X electronically steered antenna system. Therfore, "IRE would like to recommend

a joint program, "IRE and JPL, to explore the possible techniques to reduce the material

cost for the antenna system.
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SECTION 8

TEST PLAN/PROCEDURE

8.1

8.1.1

This section summarizes Teledyne Ryaa Electronics' (TRE's) breadboard test plan to

evaluate the MSAT-X satellite antenna during its development and prior to delivery to

JPL This document was generated to satisfy Item 6 under Contract 957468.

8.1.2

The major scope of this test plan is to describe the proposed approach in verifying the

performance of the breadboard antenna system. It is here in its entirety as presented in

Part I of TRE Report No. TRE/SD105662-1B, entitled "Breadboard Test Plan/Procedure

for MSAT=X SateUite Communications Antennas."

8.1.3 Differences Between Breadboard and Production Tests

This document covers the first phase of a continuing development leading to a

commercially affordable antenna that provides reliable mobile communications without

dependence on local fixed stations. Consequently, these tests will have different objectives

than the final production test. These breadboard tests are needed to prove a sound design

and to define areas of improvement that might be beneficial in the next phase. A

comparison matrix between the two test philosophies is shown below:

Breadboard Tests

Goals Characteristics

• Verify the design with intensive tests. Labor intensive, manual tests are

typical.
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Use existing equipment for best cost

affectivity.

Manufacturing errors or defective

parts have to be corrected but the

main effect is a small delay in

delivery.

ProductionTests

Goals Characteristics

Low recurring cost contn'bution.

• Requires low labor input and use

of non-skirled labor.

• Requires low cycle time for each

test.

Requires a high capital investment of

dedicated test facilities and

equipment.

Highly automated tests are

mandatory.

Must be integrated

production test flow.

into the

Must provide a high probability

of capturing defective com-

ponents and manufacturing

errors without firing the pipeline

with defects.

The test intensity must be

greatest at the lowest levels of

assembly.

Must provide automatic fault

isolation with a paperless record

system.

Must provide quick feedback into

the manufacturing process.

Higher test equipment reliability is

required than for breadboard tests

but the test equipment is also far

more complex, putting a premium on

intrinsic reliability and rapidity of

repair.

Each test must be designed for

maximum cost affectiv_w.
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8.1.4 Location 0f T_sts and Witnessiniz

8.1.4.1 Location

Testing will be performed at two locations:

Lower level tests will be performed at TRE's engineering laboratories by TRE engineers

who designed the equipment. All tests will be witnessed by a TRE Quality Assurance

engineering.

The final system integration and acceptance tests will be performed at TRE's outdoor

pattern range which is located at 5658 Kearney Mesa Road, about 3 miles from the TRE

plant.

8.1.4.2

JPL will be advised in advance of the System Acceptance Tests and Spike tests to allow

them the opportunity of witnessing these tests. This will also provide the opportunity for

informal comparison of data with the design and requirements and determining the

acceptability of the equipment prior to formal submission of the test report.

8.1.5 Descriotion of the Test Range

"I'RE will perform antenna module pattern tests as well as final system acceptance tests on

an outdoor far field pattern range. The range length is 88 feet and the height above grade

is approximately 20 feet. The facility contains a small Scientific Atlanta Azimuth over

Elevation over azimuth antenna positioner with pattern recorder. The following range

modifications were performed by TRE to optimize the MSAT-X test results:

• The microwave absorber lining on the primary tower anechoic walls was

replaced with longer pyramids. This was necessary to measure the sidelobes of
this lower frequency broader band antenna, when compared to the normal use.

• A dual polarization L band antenna was mounted in the secondary tower, along
with a tunable source as shown in Figure 8-1. This antenna will provide four
transmission modes (Right Hand Circular, Left Hand Circular, Vertical Linear
and Horizontal Linear) to measure cross polarization isolation and ellipticity.
This antenna will have somewhat more directivity than the test item in order to
minimize ground reflection effects.

• A second LHC polarized antenna and source is placed on an adjacent structure
to approximate the average view angle to the second satellite.
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8.1.6 Test Plan Details

8.1.6.1 Test Flow

TRE will perform the following tests in the general order indicated below.

tests, which do not involve dependent constraints, may be performed in parallel.

Some of the

Beam Steering Electronics Subassembly Tests

• Power Supply Functional Tests

• Software/Hardware Integration Tests and Software Margin Tests

• Search Mode Functional Tests

• Track Mode Transfer Function Tests

• Primary Power Margin Tests

• Antenna Assembly Tests

• Tests of Individual Phase Shifters

• Steering Coverage Tests

• 360 Degree Azimuth Pattern Tests at Selected Steering Angles

• Polarization Isolation and Ellipticity Tests

• TRE Receiver Tests

• Isolation Tests

• Acquisition Sensitivity

• Functional System Integration Tests

• Acquisition Tests

• Dynamic Tracking Tests

• Dynamic Fading Simulation Tests

(The foregoing Functional system Tests will include an interfering cross polarized signal

from a simulated second satellite.)
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8.1.6.2 Beam Steerin_ Electronics Assembly Test
v

8.1.6.2.1 Power Sum)ly Functional Tests

The breadboard Beam Steering Assembly does not contain a separate power supply

subassembly. The power supply is TRE's design and is both functionally and mechanically

interrelated with the beam steering electronics. The power supply is not a commercial on

shelf item. This design approach was chosen for lowest producible cost. The power supply

uses the beam steering computer to regulate the power forms for the non logic loads. The

logic loads use a linear pass regulator. Con._quently, the 5 V logic form will be initially

tested. Following this, the computer will be powered from the 5 V logic form on the power

supply under test and the other output forms will be dummy loaded. Finally, the other

forms will be connected to their loads. (These are used in the antenna and in the rate gyro

which is also contained in the Beam Steering Assembly.) The following tests will be

performed on each form:

• With the input form at 8 V then at 18 V, the following parameters will be
measured:

• Average input current

• Input current waveform

• Output voltages

• Output ripple

• Load regulation, 50 to 120% of design load, varied one at a time

• Each form will be sequentially short circuited and the primary power will be

applied. Input current will be recorded up to equilibrium. That short will be
removed prior to shorting the next output form.

Typical test data sheets are included in Appendix A of TRE Document No.

TRE/SDI05662-1B.

8.1.6.2.2 Hardware/Software Intem'ation and Software Mar_trin Tests

The breadboard is being constructed with some built in features (switches and monitor

LEDs) to facilitate the basic operational checkout. Appendix B of the aforementioned

report provides a basic guideline for the hardware/software integration test.
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8.1.6.2.3 Search Mode Functiona_ Tests

A logic analyzer will be connected to the serial data output of the the Electronics

Assembly. Start search will be commanded. The analyzer memory data contents will be

compared with the known stored search pattern. These data represents three bit phase

commands to the phase shifters that are wired to the single long shift register in the

Antenna Assembly.

Next, the sweep will again be started and during the sweep, the analog input will be

momentarily raised above the track threshold. The existence of only a partial pattern

capture will be verified.

8.1.6.2.4 Track Mode Transfer Function Tests

Referring to the Antenna Steering Control Block Diagram (Figure 8-2), an input ripple

signal will be summed in with a coherent ("C") state bias at the C/N analog input f:rSm the

receiver. The azimuth integrator output test point, T1, will be observed on an oscilloscope.

The input ripple frequency will be varied about the dither rate. The resulting beat

frequency provides a simple but thorough end-to-end analog transfer function test. The

open loop frequency response may be measured by varying this beat frequency and noting

the relative T1 amplitude.

Turning the module while observing T1 when temporarily in the non-coherent ("N") input

state, will test the rate sensor and its algorithm. Putting the input back at the "C" level

should reduce the T1 value back to zero after the delay period.

8.1.6.2.5 Power Form Maron and Noise Tests

The specification requires the use of filters and compliance with unspecified spike levels.

There is no other requirement for electromagnetic compatibility. Compliance is a cost

driver in a cost sensitive product. The design will comply with the specified voltage range

but not the environment described in Sections 4.9 through 4.11 of SAE Handbook J1211.

More hardening would be required for protection against external electromagnetics effects.

Finally, no requirement for compatibility with SAE J551, or FCC Part 15J emissions

requirements are described. Even these specifications will not necessarily assure

compatibility with broadcast AM or CB receivers on the same vehicle.
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i

In view of the above, "IRE suggests the following tests:

• Measure the item and frequency domain input current waveforms with MIL-
STD--462 10 f coaxial filter line impedance stabilization. The test report will
discuss the potential interference which is likely from this.

• Perform the spike tests. TRE will apply increasing levels of input stimulus while
observing the secondary forms for pulse transfer, the level will not be increased
beyond the maximum safe value for the input protective avalanche diode or the
point where pulse transfer to the load is observed to approach the maximum
safe component rail voltage.

TRE recommends that these issues all be a part of the next two phases. The second phase

should provide cost studies in hardening to different scenarios described in the above

references. These would lead to an optimum degree of emissions and susceptibility control

The third phase would then test a pilot production model to these performance

requirements.

8.1.6.3 Antenna Assembly Tests

The antenna assembly will be subjected to bench and antenna range performance tests.

The antenna assembly receives steering commands by means of a serial data link from the

Electronics Assembly. It also receives secondary power forms for the shift register and

phase shifts from the Electronics Assembly, While the production version contains a single

coaxial rf connector for the transmit and receive signals, the breadboard has connector

separable interfaces between each phase shifter and each antenna element. The Antenna

Assembly will be powered from bench supplies. A word generator will provide steering

commands. The required data content will be predeterm/ned by means of an external

computer which will generate standard beam pointing angle exercises to be used for

pattern tests.

8.1.6.3.1 l_ngh..T_¢._

Prior to testing the actual beam pointing angles or patterns, it is necessary to independently

assure that each phase shifter creates the expected microwave phase shift in each of the
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eightstates.Without doing thisfirst,itwould not be possibleto evaluateor troubleshoot

range performance anomalies. As stated above, the breadboard antenna has a connector

separable interface between the phase shifter and antenna hybrid planes.

First each antenna element will be tested for VSWR (Sll) and Isolation to the hybrid

termination(S21).

Next, each of the 18 phase shifters will be tested in all 8 states using a HP 8510 network

analyzer. The results will be printed by the controlling computer. A word generator will

program the phase shifts with a precomputed pattern for each desired state.

Other testswill be current consumption from each power form and injectedripple

susceptibilityon each power form.

Later, integrated antennas will receive the equivalent of the above tests using a near field

antenna range. This technique can detect individual phase shifter/element problems (but

not separate the phase shifter from the element. In an integrated antenna, only the phase

shifter diodes can be replaced.) At PDR, single element coupling probe tests were

proposed. In retrospect, this does not appear to be workable because the probe will disturb

the antenna and reflect power back into it in an uncontrolled manner.

8.116.3.2 ]_]lgg..T.g_

The Antenna Assembly will be mounted on the antenna positioner described in paragraph

8.1.5 herein. The lower elevation motion will only be used for initial indexing of the

electronic steering angle and upper azimuth motion zero position. The elevation axis will

be tipped downward to allow the beam (which is steered to a finite elevation angle) to

point parallel to the earth at the secondary tower which contains the source antenna. Once

this is done, the azimuth pattern can now be obtained by rotating the upper azimuth

motion by 360 degrees. The high performance microwave absorber (18 inch pyramids) will

minimize scattered power from the main beam and provide accurate minor lobe structures.

Owing to the very large number of possible beam pointing angles, it is necessary to plan the

test so as to provide the most useful information to characterize expected performance in

operational deployment with the maximum amount of data to review. This can be done by

exploiting the symmetry of the antenna. The azimuth beam steering has 60 degree cyclic

redundancy. Within this it has 30 degree mirror symmetry. One electronic beam steering
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exercise set from zero to 30 degrees of azimuth would effectively characterize the antenna

behavior over the entire azimuth circle. However, the addition of the ground plane alters

the inherent 30 degree symmetry to 90 degrees. In view of these considerations, "IRE will

perform the following tests at fmin and fmax:

Steer the antenna to each of 30 beam pointing angles from 0 to 90 degrees azimuth.
Record a 360 degree azimuth pattern at each commanded beam position.

Steer the antenna to each of 10 azimuth positions from 0 to 90 degrees. Rotate the
lower azimuth positioner axis to point the beam at the source. Record an elevation
pattern from zero to 90 degrees.

The secondary tower will be equipped with a Tecom Industries Model 202019 36 inch

dual polarized parabolic antenna, or equivalent. This provides approximately 12 dB gain to

minimize ground reflection errors. The two ports of the antenna will be fed with a variable

phase shifter and attenuator in one branch so as to provide the ability to compensate for

differential VSWR effects at the test frequency. These items will be empirically adjusted to

equalize the response of a spinning linear receiver element. The two branches will be fed

from a common source via a power divider.

This antenna provides the ability to make both eUipticity measurements and cross

polarization isolation measurements with one source antenna.

8.1.6.3.3 Receiver Tests

TRE has purchased an ICOM IC-R7000 Receiver. However, it is not a complete ground

terminal receiver. Consequently, TRE, has designed and provided extra components as

shown in Figure 8-3. This assembly will then be tested. Tests will consist of acquisition

sensitivity and the isolation of the CFE diplexer plus preselector.

8.1.6.4 System Inte_m'ation and Acceptance Tests

The Electronics and Antenna Modules will be connected together and tested on the same

range used for pattern tests. Meaningful tests require the use of the system receiver (which

TRE already has) and one CFE diplexer. The latter is required in order to simultaneously

transmit and receive. This is necessary to assure that the specified power does not cause

unexpected pin diode behavior. Possible effects might be parametric pumping of the I

(intrinsic) layer width from the high level transmitter carrier. This could effect the steering

performance and generate intermodulation terms, as well as radiate transmitter harmonics.
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A far field antenna range provides the most accurate method of measuring the sensitivity of

a receiving system that includes an antenna aperture. A power meter and variable

attenuator at the source end will provide a means of accurately knowing the power to the

transmitting antenna. The latter's gain will be initially measured at the two frequencies of

interest. Mismatch losses are automatically included in the gain value. By using the

communications equation, this will provide a known power density at the receiving

aperture.

A second source at the same frequency will be put on an adjacent secondary tower. The

position will approximate one point in the separation envelope between the two satellites.

A second source will be used here to avoid the multipath spatial beat patterns that a

coherent source would cause. This source will use a simple cross polarized (LHCP)

antenna and the power will be adjusted for approximately equal power densities at the test

aperture.

The test procedure (Part 1I of TRE Report No. TRE/SD105662-1B) is designed to

establish the following results.

The following tests will be performed with both satellites transmitting:

• Measure the signal/noise ratio for acquisition threshold at various elevation
angles, with and without the second satellite transmitting. This test will verify
that the antenna has adequate gain and the the closed loop design makes the
system relatively insensitive to variable signal-to-noise ratio.

• Measure the ability to maintain pointing angle and recover during fades.

• Demonstrate that the rate sensor can maintain inertial track for at least ten

seconds after signal loss.

• Demonstrate the resumption of search after a modifiable period of signal loss.

• Demonstrate that the beam steering system does not cause more than 1 dB

eak-to-peak amplitude fluctuation and 10 degrees peak-to-peak phase
uctuation on the received signal.

• Demonstrate that the tracking system operates satisfactorily for all specified
antenna azimuth rates.

• The existing antenna positioner is only capable of 10 degrees/second azimuth
rotation. The required speed of the rate table is 75 degrees/second. TRE is
planning to increase the rotating speed from 10 degrees/sec to about 45
degreesi/sec by using a separate motor.
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8.2 ENGINEERING TEST PROCEDURE

8.2.1

The Engineering Test Procedure (ETP) is a somewhat lengthy, seLf-contained document

applied to J'PL under Report No. TRE/SDI05662-1B, entitled "Breadboard Test

Plan/Procedure for MSAT-X Satellite Communications Antenna," dated September 2,

1987. The procedure consists of an introductory section, functional tests, preliminary set-

up, and system tests. All the necessary data sheets, diagrams, phase shifter tables, and

instructions to perform a complete acceptance test on the MSAT-X phased array antenna

system. Preliminary conditions and test equipment are as foLlows.

8.2.2 Avvlicable Documents

The M1056 antenna system consists of a 19 element array, the electronic control box, and

the receiver test set. applicable documents include:

Assembly Drawing

Schematic Drawing

Test Data Sheet

System Interconnect

- 1056A0033

1056A0001

- 1056AS01

- 1056B0005

8.2.3 Test Reouirements

the test conditions and test equipment needed to perform the ETP are as follows.

8.2.3.1 Test Conditions

Temperature

Altitude

Vibration

Humidity

+25"C ±15"C

normal ground

none

up to 95% RH
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8.2.3.2 Test Equipment

Network Analyzer

Test Cable

Signal Generator

Spinning Mount

Receiver

Position Controller

Pattern Controller

Standard Gain Horn

Three Axis Positioner

Signal Generator

Spectrum Analyzer

TWT Power Amplifier

Dual Polarized Antenna

LHCP Antenna

RHCP Antenna

HP8510 or equivalent

8 feet (2 required)

Adams-Russell #9199-0096

HP8663C

TILE

Scientific Atlanta, Model 1711

Scientific Atlanta

Scientific Atlanta

Polarad CA-L (2 required)

Scientific Atlanta

I-IP8642B (3 required)

HP8562A

Hughes 1177H09

Tecom 202019

Tecom 401020L

Teeom 401020R

8.2.4 List of ETP Tests

Reference is made to ETP #1056AS01 for further information regarding the tests.

However, it is worth noting that the procedure deliminates and explains the following tests.

Preliminary Set-up

Antenna Patterns

Antennas Cross-Polarization

Intersatellite Isolation

Acquisition

Track

Signal Loss

Manual Steering Response

Carrier-to-Noise (C/No)

Dynamic Tracking and Fading

High Power Test

8-15



Appropriate illustrations, drawings, and details are covered to fully evaluate the MSAT-X

antenna system.

8.3 SYNOPSIS OF ACCEPTANCE TESTS

This section is a review 0,7 the acceptance tests performed on a typical MSAT-X

developmental antenna system. All the tests are described fully in Report

TRE/SD105662-1B entitled "Breadboard Test Plan/Procedure for MSAT-X SateLLite

Communications Antenna", September2., 1987, pages H-1 thorugh H-22. Consult

Appendices D and E for a condensation of the test results on units #1 and #2 respectively.

8.3.1

Prior to any range tests, the antenna in test must have the input VSWR (Sll) checked over

the frequency range of 1545 MI-Iz to 1660 MHz. This is done using an HP-8510 Network

Analyzer and the arrangement shown in Figure 8-4. The 18 3-bit phase shifters are

exercised t: :ing a manual beam steering controller. Maximum acceptable VSWR in 1.5:1.

In some cases, it was noted that the VSWR could run as high as 2.0:1 at either the high or

low frequencies for some settings of the phase shifters.

8.3.2 Antenna Patterns

8.3.2.1 General Descrit_tion of Test Set-ut_

The far field range at TRE used for the RF performance tests has a length of 88 feet with a

height above grade of approximately 20 feet. The facility contains a Scientific Atlanta

Series 5100/5300 azimuth over elevation over azimuth antenna positioner with pattern

recorder. A diagram showing the essential elements of the range, as is was configured for

there acceptance tests, is given in Figure 8-5. A brief description of the test set-up follows.

A dual polarized, L band parabolic antenna (TECOM Model 202019) was mounted in the

secondary tower. This antenna is 36 inches in diameter and provides a gain of

approximatley 21 dB at 1600 MHz. Its relatively narrow beamwidth of 14" is a useful

factor in minimizing ground reflections for these tests. The two ports of the antenna are

fed with the quadraphase arms of a 90" hybrid. Axial ratio is maintained to within 0.25 dB

in the circular polarization (CP) mode by incorporating a variable phase shifter in
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one of the feed arms. As configured, the antenna provides four transmission modes (RCH,

Lt-IC, vertical linear, and horizontal linear) to measure cross-polarization isolation, and

ellipticity. /uN" HP 8642 signal generator provides a source signal to the antenna.

A second antenna (TECOM Model 401020L Helix, LHCP) was placed as an adjacent

tower to approximate an average view angle to the second satellite. This antenna was

likewise driven by an HI) 8642 signal generator. The primary purpose of this set-up was to

measure intersateUite isolation The gain of the helix is approximately 13 dBic at

1600 MHz with a beamwidth of approximately 36".

Axial ratio measurements were conducted using a spinning linear standard gain horn

antenna (POLARAD Model CA-L) on a TRE mount in the secondary tower.

8.3.2.2 Broadside Antenna Patterns

Broadside antenna patterns were taken in both the horizontal (x-cut) and vertical (y-cut)

planes. The MSAT-X antenna was mounted to a 40" x 50- ground plane which in turn was

mounted on the positioner using the orientation of Figure 8-6. The equipment was

hooked-up as shown in Figure 8-7, and the system calibrated by using a TECOM model

401020R helix antenna affixed to the ground plane of the antenna under test (AUT).

Calibration is done with the positioner table at 90' elevation and 0" azimuth.

Once calibration is logged, the switches in the electronics box are set to steer the beam to

0" azimuth at 90" elevation. In this test, the y-axis of the antenna is vertical and the x-axis

is horizontal. A 360" rotation of the positioner about the y-axis (x-cut) will establish a

broadside pattern. Rotating the antenna 90" and repeating the above will generate a y-cut

broadside pattern. Broadside gain and sidelobe leve.ls are readily available from these

patterns. This procedure was run at both 1545 MHz and 1660 MHz.

8.3.2.3 Azimuth And Elevation

Azimuth cuts were taken at 0" and over elevation angles of 20", 30", 40", 50", and 60". A

typical test set-up was done as follows using a beam setting of 0" azimuth and a beam

elevation of 50".
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Figure 8-6. 19-Element Array, Top View
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The switches on the electronics controller were set to steer the beam to 0" azimuth and 50"

elevation. The antenna positioner was rotated to point the z-axis to 40" from zenith (50"

born horizontal) and repositioned slightly to peak the signal. Next, the positioner was

rotated about the z-axis to generate a pattern cut in azimuth at 50" elevation. Once the

sets were generated, it was possible to determine gain, sidelobe and baddobe level:, and

low angle drop-off rate. Representative patterns are shown in Appendix A.

An area of primary interest was the gain at an elevation angle of 20" with the beam at

azimuth angles of 0" through 360" in 45" increments. A typical test set-up was done as

follows using a beam setting of 45" azimuth and 20" elevation as an example.

The switches on the electronics controller were set to steer the beam to 45" azimuth and

20" elevation. The settings were entered and the positioner rotated to place the antenna in

a vertical plane, then rotated about the vertical axis and z-axis of the antenna to position

the beam horizontally and pointing to the dish antenna in the secondary tower. The

positioner was then rotated about the vertical axis of the antenna to generate the required

pattern. Representative patterns are shown in Appendix A.

8.3.3 Cross-Polarization

Cross-polarization levels were determined by changing the dish antenna in the secondary

tower to the LHCP mode, running specific pattern plots as outlined in Paragraph 8.3.2, and

comparing the results with those obtained in the RHCP tests. Typical patterns exhibiting

LHCP plots superimposed over RHCP plots at selected azimuths and elevations are

displayed in appendix D.

8.3.4 Intersatellite Isolation

This phase of the acceptance tests was designed to measure the antenna system's ability to

discriminate between wanted and unwanted reception. The requirements are for the

antenna to provide adequate gain to the desired satellite and also maintain a carrier-to-

interference ratio of at least 20 dB to the undesired satellite anywhere within the

continental United States (CONUS). Beam pointing error is included in this figure, but

not propagation shadowing or ground mutipath.

An idea of the range configuration can be gained by glancing at Figure 8-5. A twelve-foot

movable boom was rigged to the roof of the auxiliary tower on the range. An LHCP helical
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antenna was attached to the end of the boom to serve as the undesired signal source.

While this affair could not approximate all the possible geometries in the CONUS between

two satellite sources and the antenna test specimen, it did give some idea of what to expect.

A test frequency of 1545 MHz at + 16 dBm was fed to the dish antenna in the RHCP mode.

A 1 _ offset of this frequency was fed to the LHCP antenna at a level commensurate to

give equal power density with respect to the dish antenna. Effective intersatellite isolation

(I.S.) was measured by observing the received signals on a spectrum analyzer at the test

receiver output (see Figure 8-8). Table 2-8 of Section 2 of this report lists the measured I.S

as 26 dB, a comfortable margin.

8.3.5 System Acquisition/Track/Steefin_

8.3.5.t

The acquisition, tracking, and steering portions of the acceptance tests were conducted

using the test set-up shown in Figure 8-5 and E-1 of this report. One of the requirements of

these tests was to observe the effects of amplitude and phase induced by the tracking

system on the received CW source carrier. As this wasn't possible with the TRE receiver (it

had no "Q" or phase output), the JPL PIFEX transceiver was substituted. This is a

precision calibrated receiver with a known correspondence between the received C/N o and

the DC output of the 'T' signal.

It was noticed during the start of these tests that proper operation of the pointing

subsystem could only be achieved by inserting a DC amplifier between the "I" output of the

transceiver and the pointing subsystem's detected signal input. This amplifier was adjusted

to a voltage gain of 10, which at a received C/N o of 55 dB, provided a DC level of 1.1 volts

to the detected signal. Likewise, it gave an output DC level of .11 volts to the detected

signal at a C/N o of 35 dB.

Data was taken on antenna system #1 only and is tabulated in Appendix E. No data was

taken on system #2 as time did not permit this to be done.
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8.3.5.2 Acquisition And Track

Acquisition measures the ability of the antenna beam to seek and acquire to the signal

source from turn-on and random azimuth and elevation angles of the antenna. In these

tests, the elevation angle of the antenna was 30". Acquisition time was measured at C/N o

levels from 55 dB to threshold. At 55 dB, 45 dB, and 38 dB (threshold) acquisition was

timed at physical positions of the antenna of 0", 45", 90", 135", 180", 270", and 360". In

every case, the acquisition time was roughly 2 1/2 seconds. In a 4-beam system this would

total 10 seconds, the specification limit.

During the acquisition and track tests, gain and phase transients were examined. The

C/N o level for this observation was 70 dB to ensure that the received signal was elevated

well above the system noise temperature. It was noted that peak-to-peak gain variations

were 1.5 dB max., with a maximum phase variation of 15 degrees peak-to-peak. The spec

limit of 1 dB and 10" for these items was not exceeded more than 95% of the" time,

according to best estimates.

8.3.5.3 Simaal Loss Test
v

During this test, the system was placed in the track mode with the rate sensor turned on

and closed loop tracking initiated with the antenna rotating at 10"/second. The source

signal in the secondary tower was turned off for 10 seconds, then on again. No loss of

tracking was noted.

8.3.5.4 Manual Steering Response

This test merely confirmed that the antenna beam was peaked in accordance with the

settings entered and displayed on the front panel of the electronics box.

A specific elevation and azimuth for the antenna was loaded into the system which then

steered the beam to that location. The antenna is physically steered to note a peak

response. In all cases, the antenna system under test had the beam peaked in accordance

with the data entered in the system.
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8.3.5.5 Dynamics Tracking And Fadin_

The dynamic tracking phase of this test involved verification that the system would track

the same signal in the auto-track mode. This meant rotating the antenna away from the

source and observing if the system tracked.., which it did.

The fading test used an amplitude modulated test signal with a modulation index of .44 to

simulate a 5 dB fade at a 40 I-h rate. No impairment of acquisition or tracking was noted,

even when the antenna was spun at 10"/second.

83.5.6 I'Ii_ Power Test

The purpose of this test was to note ff any cross-modulation or deleterious spurious

products were formed in the receiving system in the presence of a 20 watt signal fed into

the transmitter port of the transceiver at 1655 MHz when the receiver is tuned to 1554

MHz. Comidering losses, it was estimated that 10 watts of power was transmitted from

the array. No impairment of operation was noted.
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SECTION 9

CONCLUSIONS AND RECOMMENDATIONS

9.1 CONCLUSIONS

An L-band electronically steered phased array antenna system has been successfully

developed for the mobile satellite experimentation under NASA contract through Jet

Propulsion Laboratory (JPL). The major features of the developed phased array are:

I. Low profile - Total array/antenna thickness is around 0.75 inch, which is less
than one inch as the contract specified, without the inclusion of connectors.

2. Small size - Total of 22 inches in diameter, including mounting areas, which is
well within the specified value of the 24 inches.

3. Low sidelobes - At broadside of array, the measured sidelobes are below 18 dB.

4. Good axial ratio - better than 5 dB was achieved within 95% of the required
space coverage across the frequency band.

5. Good IntersateUite Isolation (26 dB) was achieved.

6. Satisfactory multipath rejection capability was real_ed.

7. Good Pointing Performance - The measured data showed fast acquisition time
(10 seconds) during search mode and good tracking performance over wide
signal to noise ratio ranges, even under fading and high power conditions.

The key factors in achieving the above performance are the result of the success of

developing the cavity-backed, stripline feed, printed-drcuit crossed-slot array element and

the sound approach used in the design analysis of the array and pointing system. The

former provides good element gain coverage at the low elevation angle of 20 degrees above

the horizon. The latter forms the basis of selecting the fight design of the array lattice,

element spacing, 3-bit diode phase shifter circuits, beamforming network, and the beam

pointing algorithm.

The only important performance that did not meet the design specification is the array gain

at the low elevation angle of 20 degrees. However, the gain can be improved in the near

future as discussed in Section 2.4.2. For comparison, the measured array gain (averaged

over a 360 degree azimuth scan in 45 degree steps) and the broadside array gain are given

in Table 9-I, together with the design specification.
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Table 9-1. Array Gain Performance

Elevation Desi__ Measured
Frequency Angle Specification Gain

(MHz) (Degrees) (DBIC) (DBIC)

1545

1660

90 10.0 12.6 (#1)
12.5 (#2)

20 10.0 9"2/:1/9.3

90 10.0 13.7 (# 1)
13.7(#2)

20 10.0 7.7 (#1)
(#2)

The main reasons for not meeting the gain specification are due to:

The poor isolation between the right hand cil-cul.ar polaris, tion (RHCP) and
left hand circular polarization (LHCP) ports ot each crossea-slot array element.
The measured isolation is 6.64 dB and 6.04 dB for frequencies of 1545 and 1660

MHz respectively.

The lack of calibration to optimize array beam scan positions. That is, at some
azimuth angles, the beam did not scan far enough to the low elevation angles.
As a result, the gain loss is very significant.

The excessive loss in the bearnforming network. The aperture amplitude and
Pdhase distributions realized exceed the design goal. As a result, the scan loss

ue to aperture distribution errors is very significant.

9.2 I_ECOMMENDATIONS

To further improve the array gain coverage at low elevation angles and to

manufacturing costs, the following areas are recommended for future studies:

6

1

reduce

The excitation of a cavity-backed, printed-circuit crossed slot element needs to
be reinvestigated to improve the _solation between the two polarization ports
(RHCP and LHCP). The su_ested approach is to optimize the excitation feed
design; it is expected that an _solation factor of 10 dB should be realizable. The
anticipated result is an improvement in the element gain and low elevation
angle coverage of 0.6 dB and 1.2 dB at 1545 MHz and 1660 MHz respectively.

The amplitude and phase distributions of the beamforming network needs to be
improved, so the beam can be steered to the correct elevation angle. As a
result, low elevation angle gain can be improved by about 0.6 dB.
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.

The bonding of the array has to be studied. Presently, the whole array was
assembled together by screws. During the program we did some preliminary
experiments which showed prom/sing results. Additional effort is required to
establish a bonding procedure and to evaluate bonding effects on array
performance.

The modular approach for future production should be investigated. The

modular approach may be defined as that.each element forms a module which
includes a crossed-slot, excitation ctrcult, and a 90 degree hybrid. The
advantage of this approach is that the multiple-layer bonding applies to a much
smaller area as compared to a whole array. This bonding process will be simpler
and more cost effective. It can be envisioned that each element will be

assembled by screws to a common ground plane to form the array aperture.
Each array port of the beam forming network will be connected to each array
element via a plug-in type connector. In addition, integrating a 3-bit diode
phase shifter onto each element module should also be investigated to lower the
manufacturing cost.
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APPENDIX A

TEST PATrERNS:

MSAT-X ANTENNA SYSTEMS #'1 AND #'2
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APPENDIX B

TABLES OF BE_MFOI_MER CALCULATIONS

13-1





Table B-I. Beamformer Calculations

BEAMFORMER CALCULATIONS I0/16/87

_SAT,BFR2, TRZM3,COVERED,ALL PNASESHIFTERS SET AT 0':'

NUMBER OF OUTPUT PORTS = 19

LOW FREQUENCY IN mNZ = 1545

MID F_EQUENCY IN MHZ • 1600

_[GH FREQUENCY IN MHZ = 1660

BEAMFORMER ANALYSIS

_'O_r DES. DES. Fi=1545 MHZ F2=1600 mHZ F3-1660 MHZ

NO. -DB ANG. MS12 AS12 MS12 ASI2 MS12 AS12

Z -DB DEO. -DB DEG. -DB DEG.

--_--_T_---;_--_Tg--:_---_T]-:_---_]T_-:_--
2 13.8 *0 16.0 -94 15.8 -15a 15.8 -223

3 14.6 _0 17.0 -92 16.9 -152 16.9 -819

a 11.6 +0 13.5 -96 13.2 -156 13.3 -226

5 14.6 +0 17.6 -36 17.3 -157 17.5 -226

6 13.8 *0 16.1 -93 15.8 -153 15.9 -222

7 11.6 _0 13.4 -93 13.5 -152 13.2 -217

8 14.6 *0 16.6 -90 16.6 -151 16.5 -216

9 13.8 _0 16.0 -89 16.0 -150 15.8 -216

ZO 8.6 *0 10.1 -91 9.7 -145 9.4 -212

_1 11.6 -0 _3._ -98 13.3 -_59 13.3 -225

12 13.8 *0 16.2 -87 16.2 -148 16.1 -214

13 14.6 *0 16.6 -91 16.6 -151 16.5 -218

14 11.6 ÷0 13.2 -95 13.5 -154 13.6 -_18

_5 _4.6 *0 16.4 -98 16.7 -158 16.9 -223

16 _3.8 -0 _5.8 -95 16.1 -154 16.2 -220

17 11.6 *0 13.5 -32 13.5 -151 13.5 -217

18 14.6 ÷0 16.5 -95 16.5 -154 16. E -221

19 13.8 _0 15.7 -90 15.7 -149 15.6 -216

LOSS DB = -1.86 -1.86 -1.72

-3DBLOSS MEAN • 13.4 13.4 13.4

-3DB STD. DEV. - 0.18 0.12 0.14

-5.2DBLOSS MEAN- 16.0 15.9 15.9

-5.2DB STD. DEV. - 0.17 0.18 0.20

-6DBLOSS REAM = 16.8 16.8 16.8

-6DB STD. DEU. = 0.41 0.27 0.42

INPUT VSWR = 1.55 1.42 1.17

BEAMFORMER ANGLE ANALYSIS

PORT DES. FI=1545 MHZ F2-1600 MHZ F3=1660 MHZ

NO. ANG. RANG. DELTA RANG. DELTA RANG. DELTA

Z DEG. FIDR DFIDR F2DA DF2DA F3DA DF3DA

1 *0 -7 -7 -13 -13 -la -14

2 *0 -3 -3 -9 -9 -11 -11
3 +0 -1 -1 -7 -7 -7 -7
4 *0 -5 -5 -11 -11 -14 -14

5 _0 -5 -5 -12 -12 -14 -14

6 *0 -2 -2 -8 -8 -I0 -10

7 *0 -2 -2 -7 -7 -5 -5

8 *0 -1 *I -6 -6 -a -4

9 *0 _2 _2 -5 -5 -4 -4

10 +0 _0 ÷0 _0 +0 ÷0 *0

11 +0 -7 -7 -14 -14 -13 -13

12 +0 *4 *4 -3 -3 -2 -2

i3 +0 *0 *0 -6 -6 -6 -6

i4 _0 -4 -4 -9 -9 -6 -6

15 *0 -7 -7 -13 -13 -11 -11
16 *0 -4 -4 -9 -9 -8 -8

17 +0 -1 -1 -6 -6 -5 -5

L8 ÷0 -4 -4 -9 -9 -9 -9

19 *0 -1 -1 -4 -a -4 -4

MEAN DELTA ANG.= -2.44 -8.39 -8.17
3TD.DE_.FOR DEL.- +3._0 *3.70 -4.30
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Table B-I. Beamformer Calculations (Continued)

BEAMFORMER CALCULATIONS 10/16/87

MSAT,BFfl2, TRIM3,COVERED,ALL PNASESHZFTERS SET AT -45 .>

NUMBER OF OUTPUT PORTS - 19
LOW FREQUENCY IN MHZ " 1545

MID FREQUENCY IN MNZ - 1600
NIGH FREQUENCY IN MHZ - 1660

BEAMFORMER ANALYSIS

_ORT DES. DES. F1"1545 MHZ FE'1600 MHZ F3"lG&O MHZ
NO. -DE ANG. MSIE A812 MSIE ASIE MSIE AS12

Z -DE DEG. -DB DEG. -DE DEG.

1 11.6 -45 14.1 -140

E 13.8 -45 16.& -13e
3 14.6 -45 17.5 -136

4 11.6 -45 13.9 -138
5 14.6 -45 18.E -140

6 13.& -45 16.& -134

7 11.6 -45 13.9 -135
8 14.6 -45 17. E -132

9 13.8 -45 16,4 -IE9
10 8.6 ÷0 10.3 -93

11 11.6 -45 13. g -140
12 13.8 -45 16.4 -127

13 14.6 -45 17.1 -130
14 11.6 -45 13.? -137
15 14.6 -45 17.0 -140

16 13.8 -45 1&.3 -137
17 11.6 -45 14.1 -137

18 14.6 -45 17,1 -137

19 13.8 -45 16.2 -132

13.6 -201 13.6 -270

16. E -199 16.4 -269

17.2 -196 17.2 -265
13.3 -200 13.6 -271

17.7 -202 18.1 -272
15.9 -197 16.2 -E67

13.2 -199 13.9 -267

16.5 -197 17.3 -265
15.7 -194 16.4 -265

10.0 -144 9.1 -210
13.2 -203 14.0 -272

15.7 -192 16.6 -262
16.3 -194 17.0 -264
13.6 -198 13.9 -264

16.9 -202 17.4 -268

16.2 -199 16.8 -266

13.8 -195 13.8 -263

16.7 -197 16.7 -265

15.9 -192 15.9 -262

LOSS DB - -2.34 -2.34 -2.05

-3DBLOSS MEAN - 13.9 13.5 13.8
-3DE STD. DEV, - 0.14 0.23 0.15

-5.2DBLOSS MEAN- 16.4 15.9 16.4

-5.2DE STD. DEV. - 0.15 0.21 0.29
-GDBLOSS MEAM- 17.4 16.9 17.3

-GOB 5TD. DEV. - 0.41 0.46 0.43

INPUT VSWR m 1.99 1.26 1.54

BEAMFORMER ANGLE ANALYSIS

PORT DES. F1-1545 MHZ F2-1600 MNZ F3m1660 MHZ

NO. ANG. MANG. DELTA RANG. DELTA MANG. DELTA

Z DEG. FIDA DFIDA F2DA DF2DA F3DA DF3DA

1 -45 -47 -E -5- -12 -60 -15

2 -45 -45 +0 -55 -10 -53 -14

3 -45 -43 +2 -52 -7 -55 -10

4 -45 -45 _0 -56 -11 -61 -16

5 -45 -47 -2 -58 -13 -62 -17

6 -45 -41 +4 -53 -8 -57 -12

7 -45 -42 _3 -55 -10 -57 -12

8 -45 -39 +6 -53 -8 -55 -10

9 -45 -36 +9 -50 -5 -55 -10

10 _0 *0 *0 +0 _0 +0 _0

11 -45 -47 -2 -59 -14 -62 -17

12 -45 -34 *11 -48 -3 -52 -7

_3 -45 -37 +8 -50 -5 -54 -9

la -4_ -44 +1 -54 -9 -5_ -9

15 -45 -47 -2 -58 -13 -58 -13

16 -45 -4_ +1 -55 -10 -56 -11

17 -45 -44 -1 -51 -6 -53 -8

18 -45 -44 *I -53 -8 -55 -10

19 -45 -39 +6 -48 -3 -52 -7

MEAN DELTA ANG.- *2.50 -8.61 -11.50

3TD.DEV.FOR DEL.= *3.95 _3.82 *4.14
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Table B-1. Beamformer Calculations (Continued)

BEAMFORMER CALCULATIONS 10/16/87

MSAT,BFM2, rRIM3,COVE_ED,ALL _'HASESHIFTERS SET TO -90 '_

NUMBER OF OUTPUT _'ORTS - 19

LOW FREOUENCY IN MHZ = 1545

_;D FREQUENCY IN MHZ = 1600

_IGH FREOUENCY IN MHZ = 1660

BEAMFORMER ANALYSIS

_'O_T DES. DES. _I=1545 MHZ F2=1600 MHZ F3=1660 MHZ

NO. -DB ANG. MS12 AS12 MS12 A812 MS12 AS12

Z -OB DEG. -DB DEG. -DB DEG.

2 13.8 -90 _6.4 -183 16.2 -245 t6.0 -3_6

3 ia.6 -30 17.4 -179 17.0 -240 16.9 -312

4 ll.6 -90 13.8 -185 13.3 -248 13.3 -321
5 14.6 -90 17.4 -184 17.0 -248 17.2 -319

6 13.8 -90 16.1 -180 15.8 -243 15.8 -315

7 11.6 -90 13.4 -177 13.1 -242 13.2 -310
8 Ia.6 -90 16.9 -177 16.7 -241 16.7 -309

9 13.a -90 16.3 -177 16.0 -24_ 16.0 -311

I0 8.6 ÷0 10.2 -92 9.8 -145 9.2 -211

11 11.6 -90 13.6 -182 13.1 -248 13.5 -318

12 13.8 -90 16,1 -172 15.7 -238 16.1 -309
13 1_.6 -90 17.1 -176 16.5 -241 16.6 -311

la 11.6 -90 13.3 -182 13.3 -246 13.5 -314
15 14.6 -90 16.6 -185 16.6 -249 17,0 -318
16 13.8 -30 16.0 -162 16.1 -246 _.4 -314

17 11.6 -30 13.8 -180 13.4 -2#_ ._.4 -312

18 14.6 -90 16.9 -180 16.6 -243 16.6 -314

19 13.8 -90 16.1 -170 15.6 -233 15.7 -305

LOSS DB • -2.07 -2.07 -1.72

-3DBLOSS MEAN = 13.6 13.3 13.4

-3DB STD. DEV. - 0.19 0.12 0.13

-5.2DBLOSS MEAN• 16.2 15.9 16.0

-5.2DB STD. DEV. • 0.14 0.22 0.22

-6DBLOSS MEAM - 17.0 16.7 16.8

-6DB STD. DEV. • 0.29 0.20 0.22

INPUT USWR • 1.87 1.30 1.22

BEAMFORMER ANGLE ANALYSIS

PORT DES. F1=1545 MNZ F2=1600 MHZ F3•1660 MNZ

NO. ANG. MANG. DELTA MANG. DELTA MANG. DELTA

Z DEG. F1DA DFIDA F2DA DF2DA F3DA DF3DA

I -90 -95 -5 -103 -13 -I07 -17

2 -90 -91 -1 -I00 -i0 -I05 -15

3 -90 -67 _3 -95 -5 -I01 -II

a -90 -93 -3 -103 -13 -110 -20

5 -90 -92 -2 -103 -13 -I08 -18

6 -90 -88 ÷2 -98 -8 -I04 -14

7 -90 -85 ÷5 -97 -7 -99 -9

8 -90 -85 +5 -96 -6 -98 -8

9 -90 -85 _5 -97 -7 -100 -i0

10 _0 +0 ÷0 _0 ÷0 _0 _0

II -90 -90 _0 -i03 -13 -I07 -17

12 -90 -80 _10 -93 -3 -96 -6

13 -90 -84 _6 -96 -6 -I00 -I0

14 -90 -90 ÷0 -I01 -11 -I03 -13

15 -90 -93 -3 -104 -14 -107 -17
16 -30 -90 +0 -101 -11 -103 -13

17 -90 -88 +2 -97 -7 -I01 -II

18 -90 -88 _2 -98 -8 -103 -13
19 -90 -78 _12 -88 +2 -94 -4

_EAN DELTA ANO,- _2.11 -8.50 -12.67

5rD.DEV.FO_ DEL.- _4. a0 _4._4 _5.05

B-4



Table B-I. Beamformer Calculations (Continued)

BEAMFORMER CALCULATZONS 10/16/67

MSAT,BFM2, TRIM3,COVERED,ALL PHASESHIFTERS SET AT -135':'

NUMBER OF OUTPUT PORTS = 19
LOW FREQUENCY IN MHZ • 1545

MID FREQUENCY IN MHZ • 1600

HIGH FREQUENCY IN MHZ m 1660
BEAMFORMER ANALYSIS

PORT DES. DES. F1-1545 MNZ F281600 MHZ FSml&60 MHZ
NO. -DB _NO. MS12 _$12 MS12 AS12 MS12 AS12

Z -DB DEO. -DB DEO, -DB DEO.

1 :1.6 -135 13,8 -232 14,0 -295 14,1 -366

2 13,8 -135 16,5 -227 16,5 -EgE 16,4 -364
3 14,6 -135 17.4 -223 17,3 -288 17,4 -362

4 11.6 -135 13,8 -230 13, a -295 13,8 -369
5 14,6 -135 17,4 -EEQ 17,2 -297 17,2 -368

6 13,8 -135 16,2 -225 16,2 -289 16,1 -363

7 11.6 -135 13,4 -225 14,0 -289 13,5 -364
B 14,6 -135 16,8 -225 17,4 -289 16,8 -363
3 13,8 -135 16,3 -223 16,9 -287 16,3 -364

10 B,6 +0 10,0 -90 9,5 -146 3,5 -213

11 11,6 -135 13,1 -230 13,7 -295 13,4 -365
12 13,8 -135 15,7 -217 16,1 -282 15,8 -352

13 14.6 -135 16,9 -223 17,2 -2B7 16,7 -357
14 11,6 -135 13,4 -228 13,9 -292 13,9 -360

15 lq.6 -135 16,6 -230 17,0 -295 17.1 -366
16 13,8 -135 16,0 -227 16,5 -291 16.7 -362

17 11,6 "135 13,5 -227 13,7 -292 1A,O -36_

1e 14,6 -135 16,8 -226 17,0 -290 17.1 -363
19 13,8 -135 16,2 -216 16,'3 -280 16,2 -352

----.------. ........... o ...................... .---------

LOSS D_ a, -1,97 -1,37 -2.04

-3DBLOSS MEAN - 13,5 13,9 13.8

-3DB STD, DEV. - 0,24 0,13 0,25
-5,EDBLOSS mEAN- 16,2 16, a 16,3

-5.2D_ STD, DEV. - 0.25 0.26 0.2e

-6DBLOSS MEAM - 17,0 17,2 17,0

-6D_ 3TD, DEV. - 0.31 0,15 0.24
INPUT VSWR - 1.49 1.64 1.26

.......... . .......................... ._----. ..........

BEAMFORMER ANGLE ANALYSIS

PORT DES. F1m1545 MHZ F2"1600 MHZ F3'_1660 MHZ

NO. AN(;. MANG. DELTA MANG. DELTA MANG. DELTA

7. DEG. F 1DR DF 1 DR F2DA DF2DA F3DA DF3DA

........ .--.------. ...................... .--o ..... . ......

1 135.5 142 7 143 14 153 18
2 -135 -137 -2 -I46 -11 -151 -16

3 -135 -133 _2 -142 -7 -149 -14

a -135 -la0 -5 -149 -14 -156 -21

5 -135 -138 -3 -151 -16 -155 -2_
6 -135 -135 ÷0 -143 -8 -150 -15

7 -135 -135 +0 -143 -8 -151 -16

8 -135 -135 ÷0 -143 -8 -150 -15

9 -135 -133 +2 -141 -E -151 -1_
I0 _0 +0 ÷0 +0 ÷0 +0 _0

ii -135 -140 -5 -149 -14 -152 -17

12 -135 -127 *8 -136 -1 -139 -4

13 -135 -133 _ -1_1 -6 -1_4 -9

I_ -135 -138 -3 -146 -ii -147 -i_

15 -135 -140 -5 -149 -1_ -153 -18

16 -135 -137 -2 -145 -I0 -149 -14

17 -13_ -137 -2 -i_6 -11 -151 -1_
18 -135 -136 -i -I_ -9 -150 -15

i_ -135 -I_6 _9 -iJa _1 -139 -_

_IE_AN DELTA ANG.= -0.67 -9.28 -i_._4

GTL.DEV.FOR DEL.= ÷a. il *_.9@ +5.67
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Table B-1. Beamformer Calculations (Continued)

BEAMFORMER CALCULATIONS i0116/87

MSAToBFMe,TRIM3qCOVERED,ALL PHASESHIFTERS SET _T -t80':'

NUID_ER OF OUTPUT PORTS = 19

LOW FREQUENCY IN MNZ = 1545

MID FREQUENCY IN MHZ J 1600

M_GH FREQUENCY IN MHZ = 1660

BEAMFORMER ANALYSIS

_ORT DES. DES. Fi=1545 MHZ F2=1600 MHZ F3=1660 MHZ

NO. -DO ANO. MSI_ ASI2 MS12 ASI2 MSI2 AS12

Z -DO DEG. -DO DEG. -DO DEG.

--Z--ZZ:_-:;_--_$:_-:_[_---_:_-:$3Z---_5:_-:Z_--
@ 13.8 -180 16.4 -264 16.1 -330 16.0 -406

3 Ie.6 -_80 17.1 -262 17.0 -327 17.0 -401

a 11.6 -180 13.4 -266 13.3 -333 13. a -a08

5 14.6 -180 17.5 -266 17.2 -333 17.2 -a09

6 13.8 -180 16.3 -264 16.2 -330 16.2 -aoa

7 11.6 -180 13.3 -263 13.6 -328 13.4 -401
& 14.6 -180 16.7 -262 16.9 -328 16.6 -400

'9 13.8 -180 16.2 -259 16.2 -325 15.9 -399

10 8.6 _0 iO.O -90 9.6 -146 3.4 -211

L1 11.6 -180 13.5 -_73 _3.9 -339 13.8 -alO

12 13.8 -180 16.2 -253 15.9 -320 15.7 -397
_3 14,6 -180 16.8 -263 16.5 -3_9 16.4 -404

14 11.6 -180 13.7 -266 14.1 -331 13.9 -401
;_ 14.6 -180 16.6 -270 16.3 -337 17.0 -a08

16 13.8 -180 15.8 -266 16.3 -332 16.5 -404

17 11.6 -180 13.4 -262 13.4 -328 13.5 -402

18 14.6 -180 16.8 -264 16.7 -329 16.7 -404

19 13.8 -180 16.1 -260 15.8 -326 15.7 -401

LOSS DB - -L.37 -1.97 -1.8a

-3DBLOSS MEAN = 13.5 13.7 13.6

-3DB STD. DEV. • 0.18 0,28 0.20

-5.@DBLOSS MEAN= 16.2 16.1 16.0

-5.2D@ STD. DEV. - 0.19 0.18 0.28

-6DBLOSS MEAM = 16.9 16.9 16.8

-6DB STD. DEV. = 0.30 0.22 0.27

INPUT VSW_ = 1.53 1.48 1.22

BEAMFORMER ANGLE ANALYSIS

PORT DES. FI-1545 MHZ F2=1600 MHZ F3=1660 MNZ

NO. ANG. MANG. DELTA MANG. DELTA MANG. DELTA

Z DEG. FIDA DFIDA F2DA DF_DA F3DA DF3DA

1 -180 -179 "1 -188 -8

2 -180 -174 +6 -184 -a

3 -180 -172 +8 -181 -1
4 -180 -176 *4 -187 -7
5 -180 -176 _4 -187 -7

6 -180 -174 _6 -184 -4

7 -180 -173 _7 -182 -_

8 -180 -172 *8 -18_ -E
9 -180 -169 -11 -179 ÷1

10 +0 ÷0 *0 -0 ÷0
11 -180 -183 -3 -193 -13
1_ -180 -163 -17 -174 *6

13 -180 -173 *7 -183 -3

14 -180 -176 *4 -185 -5

I_ -180 -180 -0 -191 -11

L6 -180 -176 *4 -186 -6

17 -180 -172 *8 -182 -2

18 -180 -174 *6 -183 -3
19 -180 -170 _10 -L_O _0

_EAN DELTA ANG.- *_.00 -3.9a

_TD. DEV.FOR DEL. _ *_.53 .4.40

-198 -18

-195 -15
-190 -10
-197 -17

-198 -18
-193 -13

-190 -10

-189 -9

-188 -8
+0 -0

-199 -19

-186 -6

-193 -13

-190 -10

-197 -17

-193 -13

-191 -II

-193 -i3

-130 -10

-12.78
_4.&0
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Table B-I. Beamformer Calculatiom (Continued)

_EAMFORMER CALCULATIONS 10/16/67

MSAT,BFM2, TRIM3,COUERED,ALL PHASESHIFTERS SET AT -225':"

NUMBE_ OF OUTPUT PORTS " 19

LOW FREOUENCY IN MNZ 1545
MID FREOUENCY IN MHZ m 1600

HIGH FREOU£NCY ZN MNZ • 1660

BEAMFORMER ANALYSIS

PORT DES. DES. F1•1545 MNZ F2•1600 MNZ F3-1660 MHZ

NO. -DB ANG. MS12 AS12 MS12 AS12 MS12 A512

Z -DB DEG. -DB DEO. -DB DEO.

1 11.6 -EE5 14.4 -311
E 13.8 -EE5 16.7 -309

3 14.6 -225 17.4 -305

4 11.6 -EE5 13. a -309
5 14.& -225 17.8 -309
6 13.8 -225 16.& -305

7 11.6 -225 14.0 -305

a 14.6 -225 17.3 -304

9 13.8 -225 16.6 -299

I0 8.6 _0 10.2 -92

11 11.6 -225 14.4 -313

12 13.8 -225 16.1 -293
13 14.6 -225 17.2 -301

la 11.6 -225 15.1 -306
15 14.6 -225 16.9 -312

16 13.8 -225 16.0 -308

17 11.6 -225" 14.1 -305

1& 14.6 -225 17.3 -305

19 13.8 -225 16.4 -301

13.9 -377 13.7 -453

16.4 -375 16.6 -451

17.3 -370 17.2 -445

13.4 -376 13._ -452

17.5 -377 17.6 -452

16.3 -373 16.5 -449
13.5 -373 14.1 -449
16.6 -373 17.3 -449

15.8 -368 16.3 -446
10.0 -144 9.1 -209

13,5 -379 14.3 -456

15.1 -365 1&.4 -4_4
16.2 -372 17.0 -450

14.9 -372 15.0 -444

17.0 -380 17.4 -451 ,

16.4 -375 17.2 -450

13.6 -372 13.9 -447

16.8 -372 17.0 -447

15.7 -368 15.9 -445

LOSS D_ - -2.45 -2.45 -2.17

-3DBLOSS MEAN • 14.3 13.8 14.1

-3DB STD. DEV. • 0.42 0.52 0.47

-5.2DBLOSS MEAN• 16.4 16.0 16.5

-5.2DB STD. DEV. - 0.26 0.47 0.39

-6DBLOSS MEAM • 17.3 16.9 17.3

-6D_ STD. DEV. • 0.27 0.43 0.21

INPUT VSWR - 2.02 1.34 1.57

BEAMFORMER ANGLE ANALYSIS

PORT DES. F1•1545 MNZ F2=1600 MHZ F3•1660 MHZ

NO. ANG. MANO. DELTA MANG. DELTA MANG. DELTA

Z DEG. FIDA DFIDA F2DA DF2DA F3DA DF3DA

i -225 -219 +6

2 -225 -217 +8

3 -225 -213 ÷12

4 -225 -217 +8

5 -225 -217 ÷8

6 -225 -213 ÷12

? -225 -213 +12

8 -225 -212 _13
9 -225 -207 ÷18

I0 _0 _0 *0

11 -225 -221 _4

12 -225 -201 _24

13 -425 -209 _16

14 -225 -214 _11

15 -225 -220 _5

16 -225 -216 _9

17 -225 -213 "12

18 -225 -213 _12

13 -22_ -_09 _16

MEAN DELTA ANG.= *II.4_

STD.DEV,FO_ DEL.- +5.50

-233 -8 -244 -19

-231 -6 -242 -17
-226 -1 -236 -11

-232 -7 -243 -18
-233 -6 -243 -18

-229 -a -240 -15

-229 -4 -240 -15

-E29 -4 -240 -15

-_24 -1 -237 -12

• 0 _0 +0 _0

-235 -i0 -247 -22

-221 +4 -235 -I0

-_28 -3 -241 -1_

-2_8 -3 -235 -1o
-236 -11 -_42 -17
-231 -6 -_41 -I_

-228 -3 -_38 -13
-228 -3 -238 -13

-224 +i -_36 -11

-4.17 -14.89

_3.93 °4.73
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Table B-I. Beamformer CaJculadons (Continued)

,,r;:., rr_EQUE:,_Cv I_ '_Z .= 1600

E,_"A _ 0 RI_E _. ANfaL YS I S

_, _E.'_. O_:$. _:t=15,*5 _Z _'_.=16()0 _NZ F3'.166C) mHZ

, :. -wB f_r_G. _Si,_ ASI_ MS13. _Sl_ MSI,:: QSI-:"

-o_ oe_. -o_, o_. -O_ D_.

, (K_-.-._ ::T, --:.i_ ::._-;.:>..... _"-:_:Y-;i_ .... i___,"--_;:;_....
: :3. 6 -:?':, _6. H -2,_3 16._ -4&-: 16. _ -50()

.2 :,.._. --L_< t 7. _. -3,_9 17.0 -oL7 16.8 -500

t i.E. -,-7( _3. 7 -3.%5 13.') -,*,._5 13. _* -5C)_)

_.,:, -2.%:, "÷,.9 -3_ 16. 7 -,)-:'3 16._ -501

£ 13. d) -:7C) 16. (' -350 15. 9 -_*_:C) 16. I -ag_

" I_.= -&7,:, _3.5 -3g*8 13.3 -,)17 13.3 -_9,*

a i,*. 6 -.:.-'-, 16. _ -3,_a 16.7 -a18 16. _ -,_94

." _3. eb -_.7,'. t6. 3 -3,)7 15.9 -617 t6.0 -,*'_5

' 3. _ _,J _0. 1 -9.:' 9. 7 -1_6 9. 3 -_.12

", :'.._ --T,) 13.6 -356 13.6 -_)d6 _3.'_ -.%O&

z .3.6 --:-70 _6.0 -338 15.5 -410 15. _ -.,89

- _..d, -27'., 17.0 -3")7 16.3. -619 16.'_ -a98

,- il.6 -.:.7,:, 13.,_ -3._ 13.5 -o21 13.6 -_.96

,: _,*._ -,_.7: 16. 7 -3_7 16. 7 -_)_.6 17. i -501

i_, 12,._ -.:zT0 16.0 -353 l&._ -_23 16.6 -,.97

_:: tL.6 -_7:. '-3._ -3_,2 IE,.6 -_,,3.C) 13.5 -4,97

, :, i _). 6 -_. 7 .:) _ ,'=. 0 -35 -=' 16. 7 -_,-_0 16.7 -,)97

:, ;.2.5 -3.-', 16. I -3,_I 15.6 -_()9 15.5 -_*_7

.=,-s s_............................................- -3..o? _a.,:,? z[: :>:...j--
-3,,__C__S ME,_N = 13. 7 13.5 13. 5

2_, S-D. DE./. : ,:).t8 0. 12 0.3.1

-_, .:_,_LOSS "qEAN.. 16.-:" 15. 9 16. I

._..:_, 5":_. OE,,'. ',, O. 19 O..:"9 O. 33

.--": uO_S _,_;,_ = "7.,'. 16. 7 16. 8

:',..d'" ,.'.3_ : :._, 1. 35 1. 27

BEA_tFORMER ANGL_ _NQLYSIS

_T D_S. _L:15_3 MHZ _116C)0 _HZ F3=1660 MHZ

_. _N_. _NG. DELTQ mQNG. DELTA MQNG. DELTQ

DEG. F_D_ DFIDA F_D_ OF_D_ F3DA DF3DA

_--:_,--_ ....... _ .... _ ...... _---:_ ..... z_i-

;'_ :.:',) bE.'-': _ ,.._r#_. = _" i : . 50
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Table B-I. Beamformer Calculations (Continued)

G: _. -)BEAMFORME_ CAlCuLATIONS 10/16/67

MSAT B_M&.TRI_3, COVERED, ALLS_IgTERS SET TO -_15 _

_ER OF OUTPUT PORT_ - 19

L_W F_EgUENCY IN _Z = 15a5

_iD _EQUENCY IN MNZ m 16C)0

_IG_ FAE_NCY IN _NZ - 1660

_E_MFORMER ANALYSIS

¢'ORT DES. DES. FI=1545 MHZ F&-1600 _#-4Z _3m1660 MHZ

,_0. -D_ ANG. MSI& ASI_ MS1& AS12 MSI_ AS1&

Z -DB DEG. -DB DEG. -DB DEG.

.............................................................
I 11.6 -315 la.& -_01 la._ -a73 14.& -550

13.6 -_15 16.7 -396

:q.'6 -315 17.0 -39_

I_.6 -3L5 16.9 -397

6 13. a -315 16.& -_95

7 11.6 -315 13.5 -396

6 I_.6 -315 16.8 -396

13._ -315 16.& -39&

._ 13._ -315 16.0 -383

13 I_.6 -315 16.9 -397

;a 11.6 -31_ 13.6 -399

LE _.6 -315 16.6 -aO&

16 13._ -315 16.1 -_00

:_ 11.6 -315 13.6 -398

16 I_.6 -315 16._ -396

1_ 13.8 -31£ 16._ -39O

16.7 -a67 16.8 -5_8

17. a -466 17.7 -5_

13.9 -47_ 13.9 -553

17.0 -a69 17.1 -550

1_.5 -_67 1_.5 -5a6

la. I -a_ 13.& -5al

17._ -_6 16.9 -54&

16.7 -a6_ 16._ -Sal

9.5 -la6 9.5 -_13

1_. I -a75 l_.& -551

15.9 -aSa 15.3 -_35

L7.3 -a66 16.6 -5_&

la. 3 -a68 la.O -Saa

17. 1 -67& 17._ -5_9

16.8 -a69 16.7 -5a6

13._ -469 la. I -5a7

17.0 -a67 17._ -5a6

16.& -a56 16.0 -535

-3D_ 5T_. DEV. - O.&_ 0. 17 0.21

-_._D_-_SS _E_N- 16._ 16._ 16.3

-_,_ 6T_. DE'v. " 0._ 0."_ 0.51

-6D_$6 _EQM - 16.8 17._ 17. _

--6D_ 37D. DE4. " O. 1& 0.17 0.'_

IN_'u_ vSwR - L._l 1.67 I._8

BEA_OR_ER ANGLE ANALYSIS

_'0_," DES. FL-15a5 MMZ _&-1600 M_Z N3m1660 _HZ

NO. _NG. MANG. DELT_ MANG. DELTA MANG. DELTA

Z DEG. _ID_ D_IDQ g_DA DF_DA _3DA DF3DA

..... i--:_;_--:_i_ ...... ;; ..... :5_ .... :i_.... :_---:_--
-315 - "_06 4"9 -3 -_ I

3 -315 -30_* _'I i -3&O

-311 -310 ÷5 -" :""

5 -315 -307 _'6 - 31._3

6 -.315 -305 4"10 -3_1

7 -315 -306 _'9 -3,_0

6 -315 -30E ".9 -3_.0

m_ -- 3 i 5 -- 30_ o13 -316

: ,-, _',3 *,i_ '*'0 ÷0

| "_ -31Y - _¢'_7 *'¢', -3,_0

:;. -3,5 -31._ -5 - 3 :'._

7 -3L5 -306 .-7 -'&3

16 -_15 -.':.0_ "¢'9 -3_I

; b -315 - 3c,,0 .-!5 -310

•"5. 36.L. DEv._Q_ DEu.= o5.02

- ._._5 -_06 -'-

-5 -3_9 -I_

-I I -3_0 ,_

- 8 -337 -'::',-'"

-6 -333 - 18

-5 -3_.8 - 13

-5 -3_9 - 1 4

- I -3-_8 - t 3

'*-0 _'C, '*'C,

-1_ -336 -_._

-5 - 3,&'._ - _

-7 -33_ -IE

- l t -336 -i :

-6 -3"3._ -18

= -'&_ -7

-6. 36
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Table B-I. Beamformer Calculations (Continued)

, -,_9'_.-._-,E r-" L" .... S..rL_,:, "_Cru_ . " ": -_-

" -,3,':.+ bE,-., o5_ De--. -DE" 5_-L

r. "%. : - .[.- .:.:,.-, -.2.::)

• " _. :L _,'. ; +,..t - "_-:'

" . " - -._..L x-L. _, -2.,: ,_

.! _.+.=, -__; ;7.,_ --':,,_

...__ -C..-5 _3. _ --z;

,. d -, ; 2.8 -_,g

• .+o. 4 -0 ;_-.. 8 -:,J2

- . :.- ; ........ L- , :.................-..(i........... -_t,:;i-
-2. : _.2'_..-- "£,-:',, ,, 12, - Z3, E, :3._

... " .-" ,. C_-.,. = .,. -,., &. _._ L,...q_.,

-:E,_r,I;"C,RME= C-INC-L._ QN_'..Y_IS

"" -".'.3. t''=.t..,_ ''=" "_Z -"._='6,;l'j, _"I_Z -3 166_ m_2

: o2.15 -,._ e ¢')._ - "_,_"7 -l&:

; -: .- -_:_ -t7 -2d._. -:,.)

•, -3;- -305 "I " - 2,2.0 -_5

5 -3_._ -30& "X3 - 3.:.'7 - 1. ,?.

£ -3 _..5, -300 "" _,5 -$2.++ -.?,

-15C -1L7 +"+2 -1_.* -'*

-. 3,5 -Z2_ *5 -'_2. ---

... -,+, .-:_ -,_ ;.0 *;5 -_'L_ +,'+

- -/.-_ ---.; • -., - _ _." -,k

• _. - L.-_"b, --_;>'b o_ -&.:. 7 -:-

+_ -l_ -:;. -- -7

. ..+--. _,,- -j. .... : ,-.

: :..." ._ ,L,'.(_. = -':.'.-I -¢.. "_-

+ _ . . = . -o . + ...+. _+

-- 33,., - _.3

-" 3 -3_

-_3 - _

-l)O - _,",

- k ,*tk - k :-

--2.* ----'

,: Z. T: -++ ,

-6 -6

- ;0 - }.O
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Table B-I. Beamformer Calculations (Continued)

BEAMFORMER CALCULATIONS 10/16/87

RSAT, BFRE, TRZM3, COV£RED,AZ-451'TEL-20'_

NUMBER OF OUTPUT PORTS - 19

LOW FREQUENCY IN RHZ • 1545

MID FREQUENCY IN MHZ _ 1600
HIGH FREQUENCY IN flHZ s 1660

BEAMFORMER ANALYSIS
DORT DES. DES. F1-1545 MHZ F2"I&O0 MHZ F3m1660 MNZ

NO. -DB ANG. MS12 AS12 RS12 AS12 MS12 ASIE

Z -DB DEG. -DB DEG. -DB DEG.

1 11.6 *0 13.7 -101

E 13.8 -90 16.7 -183
3 14.6 -315 17.3 -396

4 11.6 -225 13.9 -309
5 14.6 -90 17.5 -183

6 13.8 -225 17.0 -306
7 11.6 -45 13.6 -139

8 14.6 -315 16.9 -397
9 13.8 -870 1&.5 -343

10 8.6 ÷0 10.1 -92

11 11.6 -180 13.8 -267
12 13.8 -90 15.9 -173

13 14.6 -225 17.0 -306
14 11.6 -315 13.5 -aO0

15 14.6 -90 16.5 -183
16 13.8 -315 15.8 -401

17 11.6 -135 13.8 -224

18 ;4.6 -225 16.9 -305

19 13.8 -270 15.8 -343

13.7 -156 13.0 -225
16.4 -242 1Z.3 -315

17.& -465 17.2 -5*4
13.1 -376 13.& -454

16.7 -244 17.5 -323

1&.0 -371 16.3 -452
13.8 -199 13.& -265

17.4 -468 17.5 -544
15.8 -413 15.1 -493

9.9 -145 9.2 -210
13.1 -336 13.& -411

15.6 -240 16.5 -311

1&.6 -376 17.3 -449
14.3 -479 14,2 -544

16.7 -246 16,6 -316
16.9 -473 17.4 -545

13,3 -292 14.2 -366

16.6 -374 17.0 -450
15.9 -415 16.7 -488

LOSS DB • -2.12 -2.12 -1.95

-3DBLOSS MEAN - 13.7 13.6 13.7
-3DB STD. DEV. - 0.13 0.43 0.41

-5. EDBLOSS mEAN- 16.3 16.1 18.2
-5. EDB STD. DEV. = 0.47 0.43 0.80

-6DBLOSS REAM - 17.0 17.0 17.2
-6DB STD. DEV. - 0.32 0.39 0.31

INPUT VSWR - 0.00 0.00 0.00

BEARFORMER ANGLE ANALYSIS

PORT DES. FI=1545 RNZ F2=1600 MNZ F3-1660 RHZ

NO. ANG. HANG. DELTA MANG. DELTA HANG. DELTA

Z DEG. FIDA DFIDA FEDA DFEDA F3DA DF3DA

1 *0 -9 -9 -13 -13 -15 -15
2 -90 -91 -1

3 -315 -306 ÷9

a -225 -217 +8

5 -90 -91 -i

6 -225 -214 ÷11

7 -45 -47 -2

8 -315 -305 +I0

9 -270 -251 +19

I0 ÷0 +0 ._0
11 -180 -175 +5

12 -90 -81 *9

13 -225 -214 *11

i_ -31_ -308 +7

15 -90 -91 -1
l_ -3Z5 -309 -6

17 -135 -132 +3

18 -225 -213 "12

13 -270 -251 *19

MEA_ DELTA ANG." *6.39

_TD.DEV.FOR DEL.= ÷7.25

-97 -7 -105 -15

-320 -5 -334 -19
-231 -6 -244 -19
-103 -13 -113 -23

-EE6 -1 -242 -17

-54 -9 -55 -10

-323 _8 -334 -19
-268 +2 -283 -13

*0 +0 +0 _0

-191 -11 -201 -21
-95 -5 -101 -11

-231 -6 -239 -t4

--334 --19 --334 --19
-103 -13 -106 -16

-328 -13 -335 -20

-147 -12 -156 -21

-229 -4 -240 -z_
-270 ÷0 -278 -8

-7.94 -16.39

÷Z.61 +5.57

B-II



Table B-I. Beamformer Calculations (Continued)

BEAMFORMER CALCULATIONS 10/16/87

_SAT,BFM2, TRIM3,COVERED,AZ=90">,EL'aO ">

_UMBER OF OUTPUT PORTS a 19
LOW FREQUENCY IN MNZ • 1545

MID FREQUENCY rN MHZ • 1600

nIGH FREGUENCY IN MHZ • 1660
BEAMFORMER ANALYSZS

_ORT DES. DES. F1=¢545 MHZ F2•1600 MHZ F3-1660 MHZ
NO. -DB ANG. MS12 AS12 _Sl2 ASI2 MS12 ASla

Z -DB DEG. -DB DEG. -DB DEG.

i 11.6 -270 i3.7 -357 13.7 -485 13.4 -503
2 13.8 -90 16.5 -182 16.1 -244 15.8 -317

3 i4.& -180 17.5 -265 17.1 -326 16.8 -401

4 11.6 -90 13.4 -186 13.4 -250 13.4 -320

5 14.6 -180 17.6 -267 17.3 -333 17.1 -408

6 13.8 +0 16.4 -90 15.8 -151 15.8 -221

7 11.6 +0 13.6 -93 13.4 -152 13.1 -217
8 14.6 -180 16.7 -265 17.0 -331 16.9 -400

9 13.8 -90 16.0 -178 16.1 -242 16.0 -312

I0 8.6 ÷0 10.1 -32 9.7 -145 3.3 -212

11 11.6 -270 13.4 -354 13.2 -426 L3.8 -502

12 13.8 -90 16.2 -171 I5.7 -237 16.0 -308

13 14.6 _0 17.2 -91 16.6 -151 16.6 -217

14 11.6 -90 12.9 -185 13. a -_48 13.6 -314

_5 14.6 +0 16.4 -38 16,6 -159 17.0 -224

16 13.8 -180 16.3 -263 16.2 -331 16.4 -404

17 11.6 -180 13.6 -262 13.3 -328 13.6 -402
18 14.6 +0 16.6 -97 16.6 -156 16.8 -221

19 13.8 -90 15.9 -172 15.9 -234 15.8 -304

LOSS DB = -1.98 -1.98 -1.79

-3DBLOSS MEAN = 13.4 13.4 13.5

-3DB STD. DEV. • 0._6 0.15 0.22

-5.2DBLOSS MEAN= 16.2 16.0 16.0

-5.2DB STD. DEV. = 0.21 0.18 0.21

-6DBLQSS REAM • 17.0 16.9 16.9

-6DB STD. DEU. = 0.46 0.28 0.16

INPUT VSWR = 0.00 0.00 0.00

BEAMFORMER ANGLE ANALYSIS

PORT DES. FI•1545 RHZ F2=1600 RHZ F3-1660 MMZ

NO. ANG. RANG. DELTA RANG. DELTA RANG. DELTA

Z DEG. FiDA DFIDR F2DA DF2DA F3DA DF3D_

l -270 -265

2 -90 -90

3 -180 -173

4 -90 -94

5 -180 -175

6 ÷0 _2
7 +0 -I -1

& -180 -173 +7

3 -90 -86 +4

10 ÷0 _0 +0

11 -270 -262 +8

12 -90 -79 ÷II

13 ÷0 ÷I +i
14 -90 -93 -3

15 +0 -6 -6
16 -180 -171 ÷9
17 -180 -170 +10

18 +0 -5 -5

13 -90 -80 +10

mEAN DELTA ANG,= ÷3.33

5TD. DEV. FOR DEL.- +5.44

÷5 -280 -I0 -291 -21

+0 -99 -9 -I05 -15

÷7 -181 -I -_89 -9

-4 -105 -15 -I08 -18

+5 -188 -8 -196 -16

+_ -6 -6 -9 -9

-7 -7 -5 -5

-186 -6 -188 -8

-97 -7 -100 -_0

+0 *0 ÷0 +0

-281 -11 -_90 -20

-92 -2 -96 -6

-6 -6 -_ -5

-103 -13 -102 -12
-1* -14 -12 -12

-186 -6 -192 -12

-163 -3 -190 -10
-11 -11 -9 -9

-49 +1 -92 -2

-7.44 -11.06

+4.67 +5.76

B-12



Table B-I. Beamformer Calculations (Continued)

bERRFDRRER CALCULRTZONS lO/_&/&7

RSAT, BFH2, TRZR3, COVERED,RZ-13_':'TEL-20_

NURSER OF OUTPUT PORTS

LOW FREQUENCY IN RH_
RID FREQUENCY ZN RHZ

HIGH FREQUENCY IN RNZ

DERRFORRER ANALYSIS

PORT DES. DES. F1-1545 RHZ FE-I&O0 RHZ
NO. -Dt RNG. AS12 AS12 RS12 AS12

Z -D) DEG. -DS DEG.

- 13

1545
a 1600

- 1660

F3ml$&O RHZ

RSIE ASIE
-D) DEQ.

1 11.6 -135 14.3 -289 13.7 -893

2 13.8 -870 16.4 -351 l&.O -488
3 14.6 -870 16.8 -348 16.7 -48_

4 11.6 ÷0 13.5 -97 13.3 -157
5 14.6 -45 18.8 -138 17.6 -199

& 13.8 -135 16.3 -286 16.3 -890

7 11.6 -45 13.6 -13G 13.4 -179
8 14.6 -315 17.0 -396 17.1 -469

9 13.8 -30 16.4 -172 15.6 -238
10 8.6 +0 10._ -93 10.1 -144

11 11.6 -45 13.7 -141 13.4 -804
18 13.8 -870 16.8 -348 15.7 -414

13 14.6 -870 17.1 -346 1&.3 -413
14 11.6 -180 13.6 -864 13.7 -389
15 14.8 -135 16.5 -234 17.3 -300

16 13.8 -45 15.7 -140 16._ -801

17 11.6 -13_ 13.3 -825 13.6 -889
1B 14.6 -E2S 17.1 -307 16.9 -372

19 13.8 -90 15. a -173 16.3 -837

13.8 -366
16.5 -501

17.6 -,98

13.6 -886
17.4 -270

16.5 -363
13.9 -867

17.8 -545
15.4 -311

9.0 -810
14.0 -871

16.3 -498
16.5 -497

13.3 -400
17.9 -367

16.6 -863
13.7 -3_3

16.5 -448
16.5 -301

LOSS DB s -8.13 -2.13
-3D_LOSS REAN - 13.8 13.5

-3DB STD. DEV. _ 0.27 0.16

-5.2D_LOSS REiN j 16.1 16.1
-5.20B STD. DEV. - 0.26 0.33

-6D)LOSS nEAR " 17.1 17.0
-6DE STD. DEV. J 0.53 0.48

INPUT VSWR - 0.00 0.00

-1.37
13.7

0.83
16.3

0.41
17.3

O. 56

0.00

SEARFORRER ANGLE ANALYSIS
PORT DES, Flm154_ RHZ F2-1600 RHZ F3-1660 RHZ

NO. RNG. RANG. DELTA RANG, DELTA RANG. DELTA
Z DEG. FIDA DFIDA FEDA OF2DA F3DA DF3DA

1 -135 -136 -1 -149 -14 -156 -_1

2 -270 -858 +18 -878 -8 -271 -81
3 -270 -255 _15 -877 -7 -888 -18
* ÷0 -4 -4 -13 -13 -16 -16

5 -45 -45 _0 -55 -10 -60 -15

6 -135 -133 ÷E -146 -11 -153 -18
7 -45 -43 +8 -55 -10 -57 -18

8 -315 -303 +12 -385 -10 -33_ -20
3 "-90 -79 +11 -9_ -4 -101 -11

10 _0 ÷0 _0 ÷0 _0 *0 +0

11 -45 -48 -3 -60 -15 -_1 -16
12 -870 -_47 +_1 -270 *0 -E82 -1_

13 -870 -253 ÷17 -875 -5 -867 -17

14 -180 -171 *_ -18_ -_ -i_0 -10
I_ -135 -141 -_ -156 -_1 -1_7 -_2
16 -_ -47 -E -57 -12 -53 -8

17 -135 -132 +3 -14_ -10 -153 -18

18 -2e_ -814 ÷11 -888 -3 -83£ -13
13 -?O -80 -10 -33 -3 -_1 -1

_EAN DELTA ANG.- _6.06 -6.3_ -14.3_

ST_.D£V._OR D£L.= ÷7._1 +_.4_ +6._8

B-13



Table B-I. Bearnformer Calculations (Continued)

BEAMFORMER CALCULATIONS 10/16/87

_SAT,BFM2, TRIM3,CGVERED,AZ=lSO'_,EL=20 _

NUMBER OF OUTPUT PORTS • 19

LQ_ FREGUEHCY ZN MHZ " 154_

MID FREQUENCY IN MHZ = 1600
HIGH FREQUENCY IN MHZ m 1660

_EAMFORMER ANALYSZS

PORT DES. DES. F1=1545 MHZ F2=1600 MNZ F3=1660 MHZ

NO. -DB ANG. MS12 AS12 M512 AS12 MS12 AS12

Z -DB DEG. -DB DEG. -DB DEG.

1 LI.6 -45 14.5 -147 Ia.3 -197 12.6 -269

2 13.8 -45 17.0 -145

3 14.6 -45 17.8 -142
4 11.6 -_5 14.1 -142

5 14.6 -45 16.4 -144
6 13.8 -45 16.8 -138

7 11.6 -180 14.0 -265
6 14.6 -180 16.8 -267

9 13.8 -22_ 16.4 -305

I0 8.6 *0 10.0 -90

11 11.6 -135 12.9 -228

12 13.8 -135 15.5 -215

13 14.6 -135 16.6 -222

14 11.6 -135 13.0 -227

15 14.6 -135 16.2 -229

16 13.8 -135 15.6 -226

17 11.6 *0 12.9 -91

18 14.6 _0 16.1 -91

19 13.8 -315 15.8 -385

16.9 -196 15.4 -266
17.8 -192 17.6 -263

13.7 -199 12.9 -270
18.1 -aoo 17.5 -271

16.3 -195 15.6 -267

13.9 -325 12.6 -400

17.2 -330 16.6 -aOe

16.6 -369 1_.a -445

9.4 -la7 9.6 -213

13.2 -299 14.1 -368

15.7 -_B5 16.4 -355

16,8 -290 17.3 -360

13.6 -296 14.6 -362

16.7 -300 17.9 -368

16.1 -296 17.5 -364

13.0 -157 14.7 -221

15.8 -158 17.3 -225

15.7 -461 14.4 -538

LOSS DB - -1.97 -1.97 -i.89

-3DBLOSS MEAN = 13.6 13.6 13.6

-3DB STD. DEV. - 0.65 0.43 0.31

-5.2DBLOSS MEAN= 16.2 16.2 15.9

-5.2DB STD. DEV. - 0.58 0.44 0.95

-6DBLOSS MEAN = 17.0 17.1 17. a

-6D_ STD. DEV. = 0.84 0.76 0.42

INPUT VSWR = O.O0 0.00 0.00

BEARFORMER ANGLE ANALYSIS

PORT DES. FI-1545 MHZ F2=1600 MHZ F3=1660 RHZ

NO. ANG. RANG. DELTA RANG. DELTA RANG. DELTA

Z DEG. FIDA DFIDA _DA DF2DA F3DA DF3DA

1 -45 -57

2 -a5 -55

3 -45 -52

4 -45 -52

5 -aS -54

6 -aS -aS

7 -180 -175

8 -180 -177

9 -225 -215

10 +0 _0

11 -135 -13&
12 -135 -1_5

13 -135 -132

14 -135 -137
15 -135 -139

16 -135 -136

17 +0 -1

18 ÷0 -1
19 -315 -295

MEAN DELTA ANG.= -0.50

STD.DEV.FOR DEL.= _7.83

-12 -50 -5 -56 -11

-10 -49 -a -55 -10

-7 -45 *0 -50 -5

-7 -52 -7 -57 -12

-9 -53 -B -S& -13

-3 -aS -3 -54 -9
÷5 -176 +2 -187 -7

*3 -183 -3 -189 -9

+10 -222 ÷3 -232 -7
÷0 _0 ÷0 +0 ÷0

-3 -152 -17 -155 -20

÷10 -138 -3 -142 -7
÷3 -143 -8 -147 -12

-2 -149 -14 -149 -14

-4 -153 -18 -155 -_0
-1 -143 -14 -151 -16
-1 -10 -10 -8 -8
-1 -11 -11 -12 -12

_20 -314 +1 -325 -I0

-6.61 -11.22

_6._2 _a.89

B-14



Table B-I. Beamformer Calculations (Continued)

BEAMFORMER CALCULATIONS 10/16187

MSAT,BFMS,TRIM3,COVERED, AZ-E25_,EL=20 °

NURSER OF OUTPUT PORTS " 19

LOw FREGUENCY IN MHZ - 1545
MID FREGUEHCY IN _HZ • 1600

HIGH FREQUENCY ZN MHZ m 1660

BEAMFORMER ANALYSIS

PORT DES. DES. FI=1545 MNZ FE-1600 MHZ F3-1660 MHZ

NO. -DB ANG. MS12 AS12 MS18 RS18 MS18 A$12

Z -DB DEG. -DB DEQ. -DB DEG.

1 11.6 _0 13.7 -96 13.1 -158 13.5 -826

R 13.8 -470 16.5 -352 15.9 -aR5 16.9 -50R

3 14.6 -45 16.5 -134 16.5 -B02 17.9 -270

a 11.6 -135 13.8 -830 13.8 -296 14.0 -368
5 14.6 -870 17.1 -358 16.6 0481 16.3 -500

6 13.8 -135 16.0 -827 16.3 -292 16.7 -363

7 11.6 -315 14.0 -391 13.8 -465 13.8 -Saa
8 14.6 -45 16.9 -133 16.8 -197 17.0 -263

9 13. B -90 15.5 -180 16.0 -849 17.1 -314

10 8.6 +0 10.1 -90 9.5 -167 9.5 -813

11 11.6 -180 13.5 -872 13.7 -337 13. a -409
18 13.8 -870 16.3 -345 16.8 -412 15.4 -489

13 14.6 -135 17.1 -886 17.4 -887 16.7 -357
14 11.6 -45 13.7 -137 13.5 -197 13.6 -866
15 14.8 -270 16.8 -360 16.7 -aR8 17.0 -505

16 13.8 -45 16.8 -137 16.1 -197 16.4 -866

17 11.6 -825 14.1 -318 14.3 -37R 13.5 -446
18 14.6 -135 17.3 -R3R 17.7 -890 17.1 -361

19 13.8 -90 16.3 -171 15.7 -888 14.4 -305

LOSS DB - -8.10 -8.10 -1.92

-3DSLOSS MEAN - 13.8 13.7 13.6

-3DB STD. DEg. = 0.80 0.36 0.81

-5.2DBLOSS MEAN= 16.1 16.0 16.8

-5.2DB STD. DEV. = 0.32 0.20 0.95

-6DBLOSS REAM • 16.9 16.9 17.0

-6D¥ STD. DEV. - 0.86 0.44 0.48

INPUT VSWR = 0.00 0.00 0.00

SEAMFORMER ANGLE ANALYSIS

PORT DES. F1-i545 MHZ Fe=1600 MNZ F3-1660 MNZ

NO. ANG. RANG. DELTA RANG. DELTA RANG. DELTA

Z DEG. FIDA DFIDA F2DA DF2DA F3DA DF3DA

1 ÷0 -6 -6 -11 -11 -13 -13
2 -870 -868 +8 -878 -8 -889 -19

3 -45 -44 +1 -55 -10 -57 -18
4 -135 -140 -5 -149 -14 -155 -EO

5 -870 -868 +8 -E7a -a -887 -17

6 -135 -137 -E -145 -I0 -150 -15

7 -315 -301 +14 -318 -3 -331 -16

8 -45 -43 +E -50 -5 -50 -5

9 -90 -90 _0 -102 -18 -101 -11
10 _0 +0 +0 +0 ÷0 +0 +0

11 -180 -188 .-2 -190 -10 -196 -16
12 -270 -855 +15 -265 *5 -276 -6

13 -135 -136 -I -140 -5 -144 -9

la -45 -47 -2 -50 -5 -53 -8

15 -870 -270 ÷0 -281 -11 -892 -82
i_ -45 -47 -2 -50 -5 -53 -8

17 -885 -222 +3 -825 +0 -833 -8
18 -135 -142 -7 -143 -8 -I_8 -13

19 -90 -81 +9 -81 +9 -98 -2

_fEQN DELTA ANG.- +1.83 -5.94 -12.22

STD.DEV.FOR GEL.= +6.30 +_.96 _6.11

B-IS



Table B-I. Beam.former Calculations (Continued)

BEAMFORMER CALCULATIONS 10/16/87

MSAT)BFM2, TRIM3, COUERED,AZa270'_,EL=20 ':'

NUMBER OF OUTPUT _'ORTS - L9

LOW _REQUENCY IN MNZ = 1545

MID _REOUENCY IN MHZ = 1600

_ZGH FREQUENCY IN MNZ = L660

BEAMFORMER ANALYSIS

_'O_T DES. DES. FI=1565 MHZ F2=1600 MHZ F3m1660 MHZ

NO. -DB ANG. MSI2 AS12 MS12 AS12 Md312 AS12

Z -DB DEG. -DB DEG. -DB DEG.

I 11.6 -90 13.3 -183 13.4 -250 13.2 -318

2 13.8 -270 16.6 -352 16.3 -420 16.1 -299

3 14.6 -180 17.5 -262 17.0 -324 16.9 -402

4 II.6 -270 13.5 -356 13.4 -225 13.5 -504

5 14,6 -180 17.6 -269 17.4 -334 17.3 -408

6 13.8 tO 16.4 -93 16.0 -152 15.3 -221

7 11.6 tO 13.5 -93 13.4 -152 13.0 -217

8 14.6 -180 16.6 -263 16.9 -330 16.9 -40G

9 13.8 -270 16.1 -346 15.9 -417 16.0 -435

iO 8.6 *O 10.2 -92 9.7 -146 9.3 -212

11 11.6 -90 13.2 -184 13.2 -250 13.6 -318

12 13.8 -270 16.2 -341 15.8 -412 16.0 -491

13 14.6 tO 16.9 -89 16.5 -151 16.7 -217

_4 11.6 -270 13.1 -354 13.5 -424 13.8 -497

15 14.£ tO 16.5 -99 16.6 -159 17.1 -224

16 13.8 -180 16.5 -266 16.3 -330 16.3 -404

17 11.6 -180 13.6 -262 13.4 -328 13.5 -402

18 14.6 tO 16.4 -95 16.5 -155 18.7 -221

19 13.8 -270 15.9 -342 15.8 -411 15.6 -487

LOSS DB - -1.96 -1.96 -1.78

-3DBLOSS MEAN = 13.4 13.4 13.4

-3DB STD. DEV. • 0.18 0.09 0.26

~5.2DBLOSS MEAN = 16,3 16.0 16.0

-5.2DB STD. DEU. - 0.24 0.21 0.21

-6DBLOSS MEAN - 16.9 16.8 16.9

-6DB STD. DEV. - 0.47 0.32 0.21

INPUT VSWR - 0.00 0.00 0.00

BEAMFORMER ANGLE ANALYSIS

PORT DES. FI-1545 RHZ F2=1800 MNZ F3=1680 RNZ

NO. ANG. RANG. DELTA RANG. DELTA RANG. DELTA

Z DEG. FIDA DFIDA F2D_ DF2D_ F3DA DF3DA

1 -90 -91 -1 -104 -14 -106 -16

2 -270 -260 _I0 -274 -4 -287 -17

3 -180 -170 ÷10 -178 +2 -190 -10

4 -270 -264 +6 -279 -9 -292 -22

5 -180 -177 +3 -188 -8 -196 -16

6 _0 -1 -1 -6 -6 -9 -9

7 ÷0 -1 -1 -6 -6 -5 -5

8 -180 -171 ÷9 -184 -4 -188 -8

9 -270 -254 _16 -271 -1 -283 -13

10 tO tO tO ÷0 _0 ÷0 ÷0

11 -90 -92 -2 -I04 -14 -I08 -18

12 -270 -249 ÷21 -268 ÷2 -279 -9

13 ÷0 ÷3 +3 -5 -5 -5 -5

14 -270 -262 ÷8 -27S -8 -285 -15

15 tO -7 -7 -13 -13 -12 -12
16 -180 -174 ÷6 -184 -4 -192 -12
17 -180 -170 ÷10 -182 -2 -190 -10

18 *0 -3 -3 -9 -9 -9 -9

19 -270 -250 _20 -265 ÷5 -275 -5

MEAN DELTA ANG.= _5.94 -5.44 -11.61

STD.DEU.FOR DEL.- _7.80 +5.43 _5.34
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Table B-I. Beamformer Calculations (Continued)

BEAMFORMER CALCULATIONS 10/16/87

MSAT, BFM2, TRZM3,COVERED,AZ-315"_,EL-20 ':'

NUMBER OF OUTPUT _ORTS

LOW FREQUENC_ IN MHZ
MZD FREOUENCY IN MHZ

HIGH FREOUENCY ZN MHZ
BEAMFORMER ANRLYSZS

PORT DES. DES.

NO. -DB ANG.

Z

- 19
- 1545

• 1600

- 1660

F1-1545 RHZ FE=1600 RHZ F3=15$0 MHZ
MS12 AS12 MS12 ASIE MS12 AS12

-DS DEG. -DB DEG. -DB DEG.

i 11.6 -225 14.3 -311

2 13. a -90 16.5 -182

3 14.6 -90 17.3 -180

4 11.6 *0 13.9 -97

5 14.6 -315 18.9 -aOi
6 13.8 -225 16.3 -307

7 11.6 -315 14.2 -394

8 14.6 -45 17.0 -133
3 13.8 -270 15.7 -350

I0 8.6 *0 10.1 -90

11 11.6 -315 13.8 -397

12 13.8 -90 15.8 -173
13 14.6 -90 16.6 -180

14 11.6 -180 13.2 -267

15 14.6 -225 17.0 -311

16 13.8 -315 16.0 -401

17 11.6 -225 13.8 -308

18 14.6 -135 16.8 -227
19 13.8 -270 16.0 -337

13.8 -378 13.9 -456
16.0 -244 15.8 -318

17.1 -240 16.6 -311
13.5 -153 18.8 -223

17.2 -471 17.5 -551

16.3 -373 16.3 -451
13.8 -463 13.5 -542

16.3 -195 16.7 -262

16.2 -423 16.8 -495

9.5 -146 9.6 -212

13.5 -470 13.7 -549

15.8 -239 16.0 -308

16.8 -244 17.0 -310

13.7 -332 13.7 -402

17.1 -377 16.6 -450

16.8 -471 17.1 -546

13.9 -375 14.1 -447

17.2 -292 17.7 -361

15.2 -408 15.1 -489

LOSS DB = -2.11 -_.11 -1.95

-3DBLOSS MEAN - 13.9 13.7 13.6

-3DB STD. DEV. = 0.35 0.15 0.41

-5.2DBLOSS MEAN= 16.1 16.1 16.2

-5.2DB STD. DEV. - 0.28 0.49 0.66

-6DBLOSS MEAM = 16.9 17.1 17.0

-6D8 STD. DEU. = 0.21 0.15 0.44

INPUT USWR = 0.00 0.00 0.00

BEAMFORMER ANGLE ANALYSIS

PORT DES. FI-1545 MHZ F2=1600 MHZ F3-1660 MHZ

NO. ANG. RANG. DELTA RANG. DELT_ RANG. DELTA

Z D£O. FIDA DFIDA F2DA DF2DA F3DA DF3DA

....... .--.--. ........................................

1 -225 -221 *a -232 -7 -244 -19

2 -90 -92 -2 -98 -6

3 -90 -90 *0 -94 -4

4 *0 -7 -7 -7 -7

5 -315 -311 *4 -325 -10

6 -225 -217 -8 -_27 -2

7 -315 -304 ÷11 -317 -E

8 -45 -43 ÷E -49 -a

9 -270 -260 +10 -_77 -7

10 +0 _0 *0 *0 *0
11 -315 -307 *8 -324 -9

12 -90 -83 +7 -93 -3

13 -90 -90 +0 -98 -8
14 -180 -i/7 *a -l_b -6

15 -_25 -221 *a -231 -6

L6 -315 -311 -4 -325 -i0

17 -225 -218 *7 -229 -4

18 -135 -137 -2 -146 -11

19 -270 -247 _23 -262 +8

_IEQN DELTA ANG. = *4.67 -5.56

;T_.DEU.FOR DEL. = -6.41 +4._3

-106 -16

-99 -9

-11 -11

-339 -2*

-239 -14

-330 -15

-50 -5

-283 -13

*0 ÷0

-337 -22

-96 -_

-98 -8

-190 -lO

-238 -13

-334 -19

-235 -10

-149 -14

-277 -7

-13.06

-6.11
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Table B-I. Beamformer CaJculadons(Continued)

BEAMFORMER CALCULATIONS 10/16/87

MSAT,BFME, TRIM3,COUERED,AZ=O_IEL=30_

NUMBER OF OUTPUT PORTS • 19

LOW FREQUENCY IN MHZ = 1545

MID FREQUENCY IN MHZ • 1600

HZGN FREQUENCY IN MNZ • 1660

BEAMFORMER ANALYSIS

PORT DES. DES. FI=1545 MNZ F2=1600 MNZ F3•1660 MHZ

NO. -DB ANG, MS12 AS12 MS12 ASIE MS12 AS12

Z -DB DEG. -DB DEG. -DB DEG.

--_'-_T_-z_--_;T_-z_---_T_-z;_---_;T_-:_--
2 13.8 -315 16.2 -394 16.3 -472 17.7 -549
3 14.6 -270 16.4 -346

4 11.6 -315 14.1 -396

5 i_.6 -270 16.6 -350

6 13.8 -270 15.3 -3a8

7 iZ.6 -L80 13.2 -261

8 14.6 -180 16.8 -261

9 13.8 -135 16.4 -220

i0 8.6 +0 10.0 -92

1i 11.6 -2_5 I3.9 -313

12 13. a -2_5 16. a -300

13 14.6 -270 17.3 -351

14 11.6 -225 13.8 -310

15 14.6 -270 16.9 -360

16 13.8 -_70 16.6 -354

17 11.6 +0 i3.8 -93

18 14.6 *0 16.8 -I01

19 13.8 -45 16.1 -137

16.6 -482 17.8 -496

13.4 -471 14.8 -553
16.2 -425 17.3 -502

15.6 -4E5 17.2 -499
13.4 -330 13.8 -40E

16.7 -328 16,7 -399
16.4 -2S7 1_.5 -357

9.9 -145 9.1 -210
13.7 -379 13.8 -a55

16.1 -366 16.1 -443

16.7 -419 16.5 -*99

13,9 -374 13.7 -449
17.0 -425 16.7 -502

16.5 -417 15.8 -495
13.6 -Ia6 12.6 -217

17.2 -153 16.3 -220

16.4 -191 15.Z -_61

LOSS DB = -2.08 -2.08 -1.95

-3DBLOSS MEAN = 13.3 13.6 13.8

-3DB STD. DEV. • 0.34 0.21 0.59

5 2DBLOSS MEAN• 16.2 16.2 16.5-- =

5 2DB STD. DEV - 0.42 0.30 0.77
-6DBLOSS REAM = 16.8 16.7 16.9

-6DB STD. DEV. • 0.28 0.31 0.51

_NPUT VSWR • 0.00 0.00 0.00

BEAMFORMER ANGLE ANALYSIS

PORT DES. FI=1545 MNZ FE•I&O0 MHZ F3•1660 MHZ

NO. ANG. RANG, DELTA RANG. DELTA RANG. DELTA

Z DEG. FLDA DF1DA FaDA DF2DA F3DA DF3DA

1 -315 -306 _9

2 -315 -30_ +13
3 -_70 -254 +16

4 -315 -304 ÷11
5 -270 -258 _$E

6 -_70 -256 _14

7 -180 -169 _11

8 -180 -169 _11
9 -135 -128 _7

i0 _0 ÷0 +0

1_ -EE5 -208 _17

13 -_70 -259 +11

14 -_5 -_18 +7

15 -270 -_68 +2
16 -270 -_6_ ÷8

17 ÷0 -1 -I

18 _0 -9 -9

19 -45 -45 _0

MEAN DELTA ANG.= +7.94

S_D.DEV.FOR DEL.= +6.71

-328 -13 -341 -_6

-327 -1_ -339 -24
-_77 -7 -EB& -16

-3_6 -11 -343 -_8
-280 -10 -292 -2_

-_80 -10 -E89 -19

-185 -5 -192 -I_

-183 -3 -189 -9
-142 -7 -147 -1_

_0 +0 +0 +0

-a3a -9 -245 -20

-2_1 +4 -_33 -8

-_74 -4 -_89 -19

-aa9 -a -a39 -1_

-280 -10 -_92 -_

-_72 -8 -a85 -15

-1 -1 -7 -7

-8 -8 -10 -10

-a6 -i -51 -6

-6._8 -16.06

÷4.6_ +7.60

B-18



Table B-I. Beamformer Calculations (Continued)

BEAMFORMER CALCULATIONS 10/16/87

MSAT,BFME,TRIM3,COVERED, AZ-O':'tEL'aO':'

NUMBER OF OUTPUT _ORTS

LOW FREQUENCY IN MHZ
MID FREQUENCY IN MHZ

NIGH FREQUENCY IN MNZ
BEAMFORMER ANALYSIS

PORT DES. DES. Fl11545 MHZ F2-1&O0 MHZ

NO. -DB ANG. MS12 RS12 MS12 AS12
Z -DB DEG. -DB DEG.

• 19

1545

I 1600

- 1660

F3-1660 MHZ
MSIE AS12

-DB DEG.

1 11.6 -315 14.5 -400 14.1 -471 14.0 -543
E 13.8 -315 16.3 -397 17.5 -47E 16.0 -550
3 14.6 -EE5 16.5 -304 16.9 -376 17.9 -as7

4 11.6 -315 14.3 -397 13.5 -470 14,0 -55E
5 14.& -EE5 17.3 -307 17.0 -379 17.9 -455

6 13.8 -EE5 15.5 -306 l&.O -381 17.9 -453

7 11.6 -180 13.2 -E&2 13.5 -330 13.& -401
8 14.6 -180 16.8 -E6E 16.9 -3E8 16.5 -399

9 13.8 -135 16.4 -E21 16.6 -2S6 18.3 -358
10 8.6 ÷0 10.1 -91 9.8 -145 9.2 -211

11 11.6 -225 13.8 -313 13,8 -381 14.2 -458

12 13.8 -E25 18.6 -298 15.9 -385 15.9 -443
13 14.6 -315 17.5 -395 16.8 -468 17.1 -548

14 11.6 -2R5 13.3 -311 13.9 -377 14.0 -449
15 14.8 -315 17.0 -404 17.4 -471 17.1 -549

16 13.8 -315 17.3 -397 16.8 -461 15.8 -543
17 11.8 +0 13.7 -91 13.1 -148 13.8 -218

18 14.8 +0 18.7 -99 16.9 -155 16.7 -MR1

19 13.8 -a5 16.0 -135 16.1 -193 15.8 -262

LOSS D) s -2.13 -E. 13
-3DBLOSS MEAN " 13.8 13.6

-3DB STD. DEU. - 0.48 0.32
-5.2DBLOSS MEANm 18.3 16.5

-5.2DB STD. DEV. " 0.55 0.56

-SDBLOSS REAM = 17.0 17.0

-$DB STD. DEV. " 0.34 0.20

INPUT USWR = 0.00 0.00

-2.06

13.9

0.19

16.3

O. 77

17.2

0.54

0.00

IEAMFORMER ANGLE ANALYSIS

PORT DES. F1-1545 MHZ F2-1600 RHZ F3=1660 MHZ

NO. ANG. RANG. DELTA RANG. DELTA RANG. DELTA

Z DEG. FIDA DFIDA F2DA DF2DA F3DA DF3DA

1 -315 -309 +6 -326 -11 -338 -23
2 -315 -306 +9 -327 -12 -339 -24

3 -ER5 -213 ÷12 -231 -6 -236 -11
4 -315 -306 +9 -3E5 -10 -341 -26

5 -225 -216 +9 -234 -9 -244 -19

6 -225 -215 +10 -238 -11 -242 -17

7 -180 -171 +9 -185 -5 -190 -10

8 -180 -171 +9 -183 -3 -188 -6

9 -135 -130 +5 -141 -6 -145 -I0

10 +0 *0 +0 +0 _0 ÷0 +0

11 -225 -222 _3 -R36 -11 -E45 -20

18 -225 -207 *18 -220 ÷5 -_32 -7

13 -315 -304 +11 -321 -6 -337 -22

14 -225 -R_O +5 -232 -7 -E38 -13

15 -315 -313 +a -326 -11 -338 -E3
16 -315 -306 +9 -316 -1 -33a -17

17 _0 _0 +0 -3 -3 -7 -7
18 ÷0 -8 -8 -I0 -10 -i0 -10

19 -45 -44 _i -48 -3 -51 -6

MEAN DELTA ANG.- +6.61 -6.67 -15.17

STD.DEU.FOR DEL.= +5.75 _4.6_ _7.49
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Table B-I. Beamformer Calculations (Continued)

BEAMFORMER CALCULATIONS 10116/67

MSAT,BFM2,TRIM3,COVERED, AZ=O':,EL=50 ':'

NUMBER OF OUTPUT PORTS = 19

LOW FREQUENCY IN MHZ = 1585

MID FREQUENCY IN MHZ = 1600

HIGH FREQUENCY IN MHZ = i660

BEAMFORMER ANALYSIS

_'ORT DES. DES. FI=1545 MHZ F2=1600 MHZ F3-1660 MHZ

NO. -DB ANG. MS12 AS12 MS12 AS12 MS12 AS12

Z -DB DEG. -DB DEG. -DB DEG.

....... T--: ....... T--: ........ 7--: ........ T--: .....I _z 6 370 14 0 358 13 9 823 12 8 508

2 13.8 -270 16.* -356

3 14.6 -225 17.1 -306

4 11.6 -270 13.8 -356

5 14.6 -825 17.6 -311

6 13.8 -225 1&.3 -309

7 11.6 -180 13.7 -262

8 14.6 -180 16.8 -266

") 13.8 -90 1&.0 -180

10 8.6 +0 10.1 -91

11 11.6 -270 13.3 -353

12 13.8 -270 16.3 -341

13 i4.6 -315 17.5 -395

14 11.6 -270 13.0 -353

15 14.6 -315 16.8 -401

16 13.8 -315 16.8 -396

17 11.6 _0 13.5 -89

18 14.6 _0 16.4 -36

I') 13.8 -90 15.7 -170

16.5 -421 1&.0 -500

17.1 -372 16.8 -449

13.4 -423 13.1 -504

17.4 -378 17.3 -aSa

16.3 -376 1&.7 -458

13.6 -32& 13.0 -400

17.2 -329 16.6 -400

16.3 -241 15.7 -310

9.6 -146 ?.a -212

13.1 -427 14.0 -502
15.6 -413 16.1 -492

16.9 -467 17.3 -546

13.4 -424 14.1 -498

17.1 -473 17.6 -549

16.5 -465 16.5 -545

13.1 -151 13.8 -219

16.3 -157 17.0 -223
15.5 -235 16.1 -305

LOSS DB = -2.08 -2.04 -1.88

-3DBLOSS MEAN = 13.6 13.4 13.5

-3DB STD. DEV. = 0.33 0.28 0.52

-5.2DBLOSS MEAN= 16.3 16.1 16.2

-5.2DB STD. DEU. = 0.38 0.41 0.33

-6DBLOSS REAM " 17.0 17.0 17.1

-6DB STD. DEU. = 0.42 0.35 0.34

INPUT VSWR - 0.00 0.00 0.00

BEAMFORMER ANGLE ANALYSIS

PORT DES. FI=1545 MHZ F2-1600 MNZ F3-1660 MHZ

NO. ANG. RANG. DELTA MANG. DELTA RANG. DELTA

Z DEG. FIDA DFIDA F2DA DF2DA F3DA DF3DA

i -270 -267 _3

2 -270 -265 "5

3 -225 -215 ÷10

4 -270 -265 +5

5 -225 -220 +5

6 -225 -218 +7

7 -180 -171 +9

8 -180 -175 +5

9 -90 -89 +i

10 +0 +0 +0
11 -270 -262 _8

12 -270 -250 +20

13 -315 -304 +11

14 -2YO -262 +8

15 -315 -310 _
16 -315 -305 +10

17 +0 +2 ÷2

18 +0 -5 -5

19 -90 -79 +11

MEAN DELTA ANG.= _6.67

3TD.DEV.FOR DEL.= +5.31

-277 -7 -290 -20
-275 -5 -288 -18
-226 -1 -237 -12

-277 -7 -292 -22
-232 -7 -242 -17

-230 -5 -240 -15

-180 +0 -188 -8

-183 -3 -188 -8
-95 -5 -98 -8

+0 +0 +0 *0

-281 -11 -290 -20

-267 +3 -280 -10

-321 -6 -334 -19

-278 -8 -286 -16
-327 -12 -337 -22

-319 -4 -333 -18
-5 -5 -7 -7

-11 -11 -11 -11

-83 +I -93 -3

-5.17 -14.11

+4.18 +6.57
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Table B-I. Bea_ormer Calculations (Continued)

BEARFORRER CALCULATZONS 10116/87

MSAT, 8FPI2, TRIff3, COVERED, RZ"O '_ , EL"60 °

NUMBER OF OUTPUT PORTS " 19

LOW FREOUENCY IN RHZ • 1545

RID FREaUENCY IN RHZ • 1600

HIGH FREQUENCY IN RHZ • 1550
8EARFORRER ANALYSIS

PORT DES. DES. F181545 RHZ F2ul&O0 RHZ F3ml&60 RHZ
NO. -98 ANG. RS1E RS12 RS12 ASIE RSIE AS12

Z -D8 DEG. -98 DEG. -D8 DEG.

1 11.6 -E70 13.6 -356

E 13.8 -E70 1&.6 -35E
3 14.S -160 17.1 -261
4 11.6 -ETO 13.3 -356

5 14.6 -180 17.4 -E$a

6 13.8 -180 l&.& -E64
7 11.& -180 13.8 -E61

6 14.6 -180 16.7 -E6Z

? 13.8 -30 16.0 -176
10 8.6 +0 10.1 -?E

11 11.6 -E70 13.4 -355
12 13.8 -270 16.4 -342

13 14.6 +0 17.1 -92
14 11.6 -270 13. E -354

15 14.6 +0 16.6 -100
16 13.8 +0 16.2 -?Z

17 11.6 +0 13.6 -71

18 14.6 +0 16.6 -98
19 13.8 -?0 1Z.8 -172

13.5 -4_7 13.4 -504

16.2 -421 16.0 -500
16.7 -3ES 1&.9 -403

13.4 -42& 13.5 -504
17.E -334 17.1 -410

16.1 -3E9 16.0 -405
13.4 -328 13.E -401

16.9 -330 16.8 -401

1&.1 -24E 15.9 -311
9.7 -146 9.3 -21E

13.2 -426 13.7 -502
15.9 -412 16,1 -491

16.6 -151 16.6 -218
13.5 -_23 13.8 -498

16.8 -159 17.1 -E24

18.1 -1_3 16.1 -220
13.3 -150 13.4 -219

1&.5 -156 16.7 -222

1Z.7 -234 15.7 -306

LOSS D_ - -1.98 -1.98 -1.80

-3DbLOSS MEAN - 13.5 13.4 13.5

-3DB STD. DEU. • 0.16 0.11 0.20
-5.2DBLOSS REAN• 16.3 16,0 16.0

-5._DB STD. DEU. - 0.30 0.17 0.14
-6DBLOSS REAR - 16.9 16.8 16.?

-698 STD. DEU. - 0.30 0.23 0.13
INPUT USeR m 0.00 0.00 0.00

8ERRFORRER ANGLE ANALYSIS

PORT DES. F1"1545 RHZ F2"1600 RHZ F3"I&60 RHZ
NO. ANG. RANG. DELTA RANG. DELTA RANG. DELTA

Z DEG. FIDA DFZDA F2DA DF2DA F3DA DF3DA

1 -2?0 -264 ÷6 -281 -11
2 -E70 -260 +10 -E75 -5

3 -180 -169 +11 -182 -2
4 -270 -264 +6 -280 -10

5 -180 -176 _4 -188 -6
6 -180 -172 +6 -183 -3

7 -180 -189 _11 -162 -2
8 -180 -173 +7 -18_ -4

3 -30 -86 +4 -36 -6

I0 _0 _0 _0 ÷0 +0
11 -270 -863 +7 -280 -10

12 -270 -250 ÷20 -266 *4

13 +0 _0 ÷0 -5 -5

14 -270 -262 _8 -277 -7

I_ ÷0 -8 -8 -13 -13
16 ÷0 -3 -3 -7 -7

17 *0 ÷1 _1 -4 -4

18 +0 -6 -6 -I0 -10

19 -30 -80 _I0 -88 "2
MEAN DELTA ANG. = ÷5.33 -5.61

_TD.DEV.FOR DEL.- *6.66 *4.54

-292 -22

-_88 -18

-191 -11

-232 -22

-138 -18
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APPENDIX C

THEORY OF THE ANTENNA AZIMUTH

BEAM ANGLE STEERING CONTROL

The antenna azimuth beam angle servomechanism has two inputs which are used to keep

the antenna beam pointed at the satellite. The first is the angular rate sensor which

produces an output proportional to the vehicle azimuth turn rate. The second is the pilot

signal radio link feeding through the antenna beam pattern. By dithering the antenna

beam about the nominal beam center, a phase sensitive amplitude modulation is formed on

the pilot signal which is directly proportional to the bearing error.

The angular rate sensor has a rapid response characteristic (I00 Hz Bandwidth) such that

any vehicle turn rate that would move the antenna away from the satellite can be almost

instantaneously corrected. There is no inertia in the electronic steering so there is no lag

associated with this link. (Even if the antenna had inertia, this would not be a hindrance

but a benefit because the inertia would aid in maintaining a constant pointing angle.)

Consequently, the angular rate sensor has a short term direct control of the antenna

steering.

The angular rate sensor has three shortcomings: 1) the output may have a drift component

(an angular rate offset), 2) the scale factor may not be exact (measured rate different from

input rate), and 3) it does not know the initial position of the satellite. Fortunately, these

deficiencies can be corrected by the radio link.

A mathematical block diagram of the antenna azimuth beam steering servomechanism is

shown in Figure C-I. The figure is separated into two main areas, the real world and the

servomechanism. The real world provides the inputs to the servomechanism. The major

perturbation to the servomechanism is the vehicle turn rate _i in the real world. This is the

input along the top of the diagram and is measured by the angular rate sensor. The

integral of the turn rate is the vehicle azimuth I_i which is also shown. The difference

between the vehicle azimuth and the satellite azimuth l_t is the satellite bearing _d" The

antenna bearing _o is compared to the satellite bearing via the pilot signal radio link to give

the bearing error (_d " #o)- This error is sensed by the antenna system by producing a

modulation index on the received pilot signal proportional to the product of the dither

magnitude M and bearing error. The dither magnitude is under software control
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and is made inversely proportional to pilot signal magnitude A. This insures that the error

signal voltage is always proportional to bearing error even though the received pilot signal

level may fluctuate. In other words, the product MA in the block diagram is held constant

by the microprocessor.

The radio link error is accompanied by system Noise N. The combined error signal and

noise are amplified by a factor of 50 and converted to equivalent digital numbers by an

analog to digital converter (not shown in the mathematical diagram since it has an

equivalent gain of 1). The signal and noise are then multiplied by a proportional gain K

and (in parallel) by an integral gain G/s. These radio link outputs are added together with

the angular rate sensor output (10i + E) to feed the azimuth integrator 1Is.

If the angular rate sensor were perfect, the error E would be zero and the radio link

corrections would also be zero. In this case, the angular rate sensor 10iwould be equal but

opposite in sign to the servomechanism antenna bearing rate 10o, and the antenna bearing

would always be equal to satellite bearing. If the angular rate sensor error E is not zero,

the antenna bearing would not follow the satellite bearing exactly, and a radio link error _0d

- t0o would appear. In the short terra, when the servomechanism loop product 50 MAK (_0d

"10o) is equal to the angular rate sensor error E, the antenna bearing error will have a value

equal to E/50MAK. Meanwhile, however, the parallel integral gain G/S will measure this

error and remove it during the period K/G. The value for 1/50MAK is set to 1 sec. and

the value for K/G is 30 sec.

From inspection of Figure C-1, the closed loop Laplace transform equation for antenna

bearing output 10o as a function of satellite bearing _d, angular rate sensor error E and

radio link noise N is given by (remembering that 10d = 10i):

10o= 10d+ (Es + 50 N (sK + G))/(s 2 + 50 MAKs + 50 MAG)

where s is the Laplace transform complex variable. Note from this equation that the

output 10oequals the input #i with no delay (except for the angular rate sensor delay which

is so small (100 Hz response capability) compared to the vehicle dynamics that it was

ignored in the analysis). Any steady state angular rate sensor error E is completely

removed as evidenced by the multiplication by the derivative operator s, The receiver

noise is passed through an effective single order low pass :Iter with a half power corner at

I radian/sec (-0.16Hz) or a noise bandwidth of 0.2.SHz. The reason the noise can be so
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heavily filtered without affecting the system response is that most of the rapid regulating

action is given to the angular rate sensor. The radio link serves only to correct the very

slowly varying error in the rate sensor.

The foregoing equation and parameters are those for a normally operating

servomechanism after signal acquisition. In order to establish proper initial conditions

during a period of I second after acquisition, G is set to zero and K is increased by a factor

of 20. This increases the radio link loop gain to properly position the antenna since the

rate sensor has no angle sense, only rate sense. If the rate sensor is removed from the

servomechanism, the increase in radio link gain is continuously maintained. The satellite

can still be tracked but the operation will be more noisy because of the increased

bandwidth. There will also be a lag in response as shown by the new closed loop equation

(withG =O and _i + E = O)

¢o = (50 MAK Cd + 50 KN)/(s + 50 MAK)
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APPENDIX E

MSAT SYSTEM TEST

DATA SUMMARY

(RF SIGNAL)





TEST SUMMARY

Test Conditions

Acquisition and Track

Signal Fading

IntersateUite Isolation

Amplitude and Phase Deviation

High Power Test
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Table E-I. RF Test Data - Acquisition and Track

Auto Mode - Beam Steer: EI._ = 30", A7_4 = 0"

Table

Elev
IF S/N C/N o Track

In 3 KHz BW dB-Hz ACQ At 8"/MIN

0" 7.5 dB 42.3 dB Yes Inter

5' 8.0 dB 42.8 dB Yes Yes

10" 12.1 dB 46.8 dB Yes Yes

15" 14.0 dB 48.7 dB Yes Yes

20" 16.0 dB 50.7 dB Yes Yes

25" 21.0 dB 55.7 dB Yes Yes

30" 22.0 dB 56.7 dB Yes Yes

40" 22.9 dB 57.7 dB Yes Yes

50" 22.0 dB 56.7 dB Yes Yes

60 ° 21.3 dB 56.0 dB Yes Yes

70" 12.0 dB 46.7 dB Yes Yes

80" 6.9 dB 41.6 dB Yes Inter
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Beam Steer:

Table Elev - 30"

A VEL

-IdB

=2 clB

-3 cIB

-4cLB

-5 dB

-6 dB

5 dB at 40 Hz

Table E-2. RF Test Data - Signal Fading

EI.h = 30", _ = 0"

Track at 8"/Min

Yes

Yes

Yes

Yes

Yes

Yes

Yes

E-5



Table E-3. Amplitude and PhaseDeviation

Conditions

Dither = I00 Hz

C/N o = 70 dB-Hz

Beam Steer: EL9 = 30", AZ¢) = 0 °

AZ Beam t_Phase - PP

0" Not > 10 ° Not > ldB

45" Not > 10* Not > ldB

90 ° Not > 10 ° Not > ldB

135 ° Not > 10" Not > 1 dB

180" Not > 10" Not > 1 dB
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Table E-4. High Power Test

Fo = 1554 MHz

PT = 20 W. to Diplexer (10 W. To ANT)

Resul 

ACQ - Track - Pointing - : No Impairment
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APPENDIX F

OPERATING INSTRUCTION MANUAL

FOR

MSAT-X ANTENNA SYSTEM

SIGNAL ACQUISITION & TRACKING
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1.0 INTRODUCTION

This manual describes the installation and operation of the MSAT-X Antenna System with

regard to pilot signal and tracking. The system supplied under this contract consists of the

following hardware.

1 Antenna Assy 1056A0001G 1

1 Electronics Box Assy 1056C0001G I

1 Test Set, Receiver 1056R0001G 1

1 Coaxial Cable, RF 1001-C1001-9001

1 Cable Assy, Interconnect 1056B0025G1

1 Cable Ass'y, DC Power 1056B0026G 1

1 Cable Assy, Signal 1056B0027G1

Both the electronics box and the test set receiver are designed to mount in a standard

RTEMA 19" relay rack. While not exactly small, the two units occupy no more than 12 1/4

inches of panel space. As the name implies, the test set receiver is just that, a test set. It is

not intended to substitute for the transceiver required of a commercial, operational MSAT

system. Its primary purpose is to check the performance of the contractually delivered

antenna. A description of the various parts of the MSAT system follows.

1.1 DESCRIYI'ION

The MSAT-X Antenna System is comprised of the following major components.

1.2 ANTENNA ASSEMBLY

The antenna assembly contains the radiating elements and feed network (consisting of four

boards), and a beamforming network consisting of one board, all integrated into one

complete unit. The assembly is provided with an SMA female connector for RF I/O. and a

15 pin D - type connector for the beam steering commands. REF Dwgs. 1056A0002 and

1036A0132 in Appendix B of this report.
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1.3 El ._CTRONICS ASSEMBLY

The electronics assembly (Figure F-l) contains all the circuitry required to process the

demodulated pilot signal, and to steer the antenna beam in both the automatic and manual

mode of operation. A block diagram of the antenna steering control is shown in Figure

F-2, and the Schematic Diagram is given in Dwg No. I056C0002. Switch and display

nomenclature is given in Table F-1.

1.4 TRANSCEIVER

The transceiver contains all the necessary RF components to simultaneously transmit an

up-link carrier signal in the 1646.7 to 1660.5 MHz range, and to receive and demodulate a

Down-Link carrier signal in the 1545 to 1559 MHz range.

1.5 _'TATUS PANEL

The status panel contains all the circuitry to "Start Acquisition" of the pilot signal, place the

system, in either the "Open-Loop" or "Closed-Loop" track mode, and provide an indication

of "Track Status" and "Acquisition Complete." The status panel is shown in Figure F-3 and

the Schematic Diagram is shown in Dwg No. I056R0142 (Appendix B). It should be noted

that the status panel can be a separate self-comalned box, or be incorporated into the

transceiver assy or the electronics assembly.

2.0 INSTALLATION

Examine the equipment carefully upon its receipt and unpackaging. Any appearance of

mishandling or physical damage could indicate potential problems in the check-out and

operation of the system. If this were the ease, TRE should be contacted immediately.

2.1 ANTENNA RANGE INSTALLATION

Installing the equipment in a fairly straight-forward operation. For antenna range tests, the

customer will probably elect to use a configuration most compatible with his particular

range setup. In this case, use Figure F-4 as a cabling guide, setup the equipment and

proceed to test. Installing the MSAT-X system in a vehicle is somewhat more involved

with the following paragraphs intended to serve as a guide in this respect.
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Table F-I.

FUNCTION

Sig Threshold, Search

Sig Threshold, Track

Open Loop Delay

Dither Frequency

Azimuth Angle

Elevation Angle

DISPLAY

Azimuth position

Elevation position

Electronics Assy Switch and Display Nomenclature.

SWITCH NOMENCLATURE

SETTING VALUE

00 to 99 X0.01 VDC

00 to 99 X0.01 VDC

00 to 99 X1 SEC

00 to 99 X10 HZ

000 to 360 X1 DEG.

0 20 DEG

1 25 DEG

2 30 DEG

3 35 DEG

4 40 DEG

5 45 DEG

6 50 DEG

7 55 DEG

8 60 DEG

9 90 DEG

DISPLAY NOMENCLATURE

RRAI21F VALUE

000 to 360 X1 DEG

0 to 90 Same as

Angle.
Elevation
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SYSTEM STATUS

TRACK ACQUISITION
STATUS COMPLETE

TRACK
MODE

OPEN
LOOP

®
CLOSED

LOOP

START
ACQUISITION

@

Figure F-3. Status Panel
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DOWN LiNK SOURCE

Z --_545-1559 MHz

1.4,,,,_ VEHICLE ROOF OR OTHER

AN_NNAI,ASSV , I _, , /__ MOVABLEP_TFORM

W3
i i

Wl IF-TP DEMOO-TP

RECEIVER

RX

TRANSMITTER
TX

J1 J2
W2

STATUS
PANEL

ELECTRONICS
ASSEMBLY

+8 TO 18 VDC

Figure F-4. System Interconnect
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2.2 VEHICT ._ INSTAT _TATION

For vehicular installation, the electronics box and the test set receiver axe bolted in a relay

rack (preferably on rack slides) and cabled according to Figure F-4. Care should be taken

to ensure that the proper cable is mated with its respective jack or receptacle. The DC

power cable must be connected to a fused 10 ampere supply having a voltage range of 8 to

18 volts DC. The test receiver requires a I15 V AC source. This can be supplied by either

a small AC generator or a DC/AC inverter of at least 300 watts capacity.

Care should be exercised in handling and installing the antenna. The antenna has a flange

mounting ring equipped with 8 1/4" holes equally spaced on a 10.70" radius. The unit is fiat

and fairly rigid, hence it must be affixed to an adapter conforming to the contour of the

mounting surface of the test vehicle. As the antenna itself only weighs 15 pounds, this
Q

should allow for the use of a lighweight, yet sturdy mounting ring.

One will note that the RF and power connectors egress from the antenna on the bottom of

the unit. Since this is the case, either a hole must be cut in the top of the vehicle to

accommodate the cables or they must exit the mounting ring and be routed in the most

expeditious manner to the equipment shown in Figure F-4. Once this is accomplished,

make sure that the cables axe not pinched and that the RF coax has no tight bends. When

these requirements are met to the satisfaction of the installer, go ahead and secure the

cables. The system is ready to test and use.

3.0 HARDWARE/SOFTWARE INTEGRATION

The following describes the functional relationship between hardware and software.

Reference is made to Figure F-2.

3.1 LEGEND:

ARS - Angular Rate Sensor

ACHn - Analog Channel n

TS - Track Status

TM - Track Mode

AC - Acquisition Complete

SA - Start Acquisition

LED's - Position Display
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3.2 MANUAL ENTRY MODE

3.2.1 With switch closed, manual entry mode is entered and position can be entered,

LOADED, and observed at output LED's.

3.2.2 The output PWM (Pulse Width Modulator) can be monitored and verified with r,

'scope.

3.2.3 The MAL LED will verify RAM/ROM tests.

Items tested: Serial port, ENTRY and OUTPUT shift registers, Output LED's, MAL

LED's, Manual interrupt and load commands, Power supply update routines, and SET

POSITION routine.

3.3 ACOUISITION MODE

3.3.1 With ACH7 below M2 threshold, TS (Track Status) signal should go high

approximately 2.5 seconds after pulsing the SA (Start Acquisition) signal.

3.3.2 With ACH7 above M2 threshold both "IS and AC should go high about 2.5 seconds

after pulsing SA.

3.4 QPEN TRACK MODE

3.4.1 The TM (Track Mode) input signal is held high to maintain OPEN loop tracking.

The TS signal should stay high and the AC line should go low after a open loop time-out

delay of M4 seconds.

3.4.2 Varying the voltage at ACH4 (ARS) above 2.5 volts should cause the output position

to change direction.

3.4.3 Pulsing SA should enter ACQUISITION mode.

3.5 CLOSED LOOP TRACK MODE

3.5.1 With the ARS switch open and a constant input frequency at ACHn (pointing error),

the frequency at the "LOAD" output should equal Dither Rate M5.
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3.5.2 With the ARS switchopen, voltagesabove and below 2.5

output positionto change direction.

3.6 TIMING AND MEMORY

3.6.1

3.6.2

4.0

4.1

4.1.1

4.1.2

volts should cause the

Memory constraints can be verified by running the previous tests.

Timing of the watch dog and main routines can be verified.

SYSTEM ACOUISiTION AND TRACK

pRELIMINARY SET-UP

Interconnect equipment as shown in Figure F-4.

Verify that the down-link source is transmitting RHCP, and at a frequency within the

1545 MHz to 1559 MHz range.

4.1.3 Verify that the elevation angle 8, the angle between the antenna horizontal plane

and the down-link source is not less than 20 degrees or greater than 60 degrees.

4.1.4 Verify that the receiver is tuned to the particular frequency being transmitted by the

down-link source.

4.2 ACOUISITION

4.2.1 Set switches on electronics

Nomenclature):

Power ON

Angular Rate Sensor ON

Auto-Manual AUTO

Search 99

Track 99

Delay 10

assembly as follows (Refer to Table F-1 for

Dither 5
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Depress the "LOAD" switch to enter the switch settings.

4.2.2 Set "TRACK MODE" switch on status panel to "OPEN LOOP" position, then

depress "START ACQUISITION" switch.

4.2.3 After the start acquisition command has been given, the steered beam will begin to

scan and search for maximum signal (i.e. signal from Down-Link Source.). Upon acquiring

maximum signal, the "ACQUISITION COMPLETE" lamp will light, and in addition the

"TRACK STATUS" lamp wiLl light if the track mode switch is in the "OPEN LOOP"

position. Acquisition is also indicated by observing the demodulated baseband signal

(monitored at "DEMOD TP" jack on receiver) on the 'scope.

Note: Normally, the pilot signal wiLl be acquired in 2 to 3 seconds.

After the start acquisition command has been given, however, if the signal is below the

search threshold as set by the search threshold switch on the electronics assembly, the

"ACQUISITION COMPLETE" light will not light.

4.3 TRACK

4.3.1 Verify that the "AUTO-MANUAL" switch on the electronics assy panel is set to

"AUTO" position, and that the "TRACK MODE" switch on the status panel is set to

"OPEN-LOOP" position.

4.3.2 Reinitiate the acquisition command by depressing the "START ACQUISITION"

switch on the status panel.

4.3.3 After the signal has been acquired and the acquisition complete light comes on, then

place the "TRACK MODE" switch on the status panel to the "CLOSED LOOP" position.

The "TRACK STATUS" light should go "OFF'

4.3.4 Rotate antenna about Z-Axis at a rate of 10 to 70 degrees per second and verify that

the system maintains tracking. This is indicated by the condition that the "ACQUISITION

COMPLETE" light is "ON" and the "TRACK STATUS" light is "OFF". Upon losing track,

the track mode will revert to open-loop, whereupon the "TRACK STATUS" light will come

"ON" and the "ACQUISITION COMPLETE" light will go "OFF".
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4.4 SIGNAL LOSS RESPONSE

The tracking system is capable of remaining in the track mode for a signal loss of up to 10

seconds. Verification is as follows.

4.4.1 Place the system in the "CLOSED-LOOP' track mode as describe in paragraph 4.3.1

thru 4.3.3.

4.4.2 Temporarily interrupt the RF signal to the receiver and verify that the system

remains in the track mode. Response should be as described in paragraph 4.3.4.

5.0 MANUAL STEERING

The system is capable of steering the beam manually in both azimuth and elevation. The

azimuth range is 0 to 360 degrees in increments of 3 degrees. The elevation range is 20 to

90 degrees in increments of 5 degrees from 20 to 60 degrees and one setting for 90 degrees.

Reference Table F-1. Verification is as follows.

5.1 Align + y axis of antenna to down-link source, and determine elevation angle O.

Reference Dwg No. 1056A0002 and Figure F-4.

5.2 On electronicsassembly, set "AZIMUTH ANGLE" switch to 090, and "ELEV

ANGLE" switch to a settingcorresponding to the elevation angle O determined in

paragraph 5.I.

Note: with reference to Dwg. No. 1056A0002, the + x axis direction corresponds to an

azimuth beam angle of 0 degrees. Moving in a counter clockwise direction corresponds to

increasing positive angles. Therefore the + y axis direction is an azimuth beam angle of 90

degrees.

5.3 Depress the "LOAD" switch on the electronics assembly to enter switch settings.

5.4 After the switch settings have been entered, the steered beam azimuth and elevation

angles will be shown by the "ANTENNA POSITION" display.

5.5 The detected pilot carrier can be monitored at the "DEMOD TP" jack on the receiver.

A DC voltage from -0.2V to -0.8V corresponds to a relative signal strength under typical

operating conditions.
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